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ABSTRACT
The polarization of the protons emerging a t 0° from the indusive deuteron breakup 
reaction xH(d,p)X  was measured using a deuteron beam with kinetic energy of 2.1 GeV. 
The mom entum  of the protons was selected by the magnetic spectrometer SPES4 and 
the polarization was measured with the polarimeter POMME. This experiment was 
performed a t eight different proton momenta. When those momenta are Lorentz trans­
formed to  the  deuteron rest frame, they corresponded to  values from 0.00 to  0.34 GeV/c. 
The result of the measurements is expressed in terms of polaxization transfer coefficient 
which is defined as the ratio of the measured proton polarization Pp to  the deuteron 
beam vector polarization P z • «o =  Pp/Pz-  The values of k 0  decreased from 0.995 to  
—0.320 across the  proton momentum range of this experiment. The trend of k 0 is in 
general agreement with the expected behavior arising from the D state in the deuteron 
wave function. The impulse approximation predicts quite well the general shape of k 0. 
Multiple scattering and relativistic effect based on different models of reaction mecha­
nism are discussed.
x
POLARIZATION TRANSFER COEFFICIENT MEASUREMENTS 
IN THE DEUTERON BREAKUP REACTION xH (d,p)X  
AT 2.1 GEV
Chapter 1
Introduction
The interaction between two nucleons is one of the central questions in nuclear 
physics. Hans Bethe once said in a 1953 Scientific American article [Bet53] th a t “in 
the past quarter century physicists have devoted a  huge amount of experim entation and 
mental labour to  this problem -  probably more man-hours than  have been given to  any 
other scientific question in the history of mankind.” Forty years after Bethe wrote these 
words, even more effort has been expended on the topic and some progress has been 
made.
The theory of nuclear physics is different from the theory of atom ic physics in the 
sense th a t the principal force between the electrons and nuclei, the  electromagnetic 
force, was well known when the theory of the atomic system got under way, and the 
problem was to  find the proper mechanics to  describe the system under the  given force. 
Quantum mechanics is the solution to this problem. In nuclear physics, there are good 
reasons to  believe tha t the concept of quantum  mechanics is still the correct way to 
describe the system, but the forces acting between the constituent particles are still not 
completely understood.
In investigating the nuclear force, one crucial test of the theory is the deuteron, 
which is the simplest stable compound nucleus. The position of the deuteron problem 
in nuclear theory is similar to th a t of the problem of the hydrogen atom  in atomic 
theory. It tests the theory without aggrieving the computational situation which is 
already complicated enough for the simplest nucleus.
The deuteron, the only bound system of two nucleons, is unique in m any respects. 
It is loosely bound and its binding energy, 1.1 MeV per nucleon, is much less than
2
3rest mass M i 1 875.613 39(57) M e V  c~l
binding energy E b 2.224 573 12(22) M e V
spin and parity r 1+
isospin T 0
magnetic dipole moment Pd 0.857 406(1) PN
electric quadrupole moment Qd 0.285 90(30) e f m 2
radius Td 1.963(4) f m
Table 1-1: Main properties of deuteron.
the average value, 7-9 MeV per nucleon, in other stable nuclei. Partly  because of this 
small binding energy, the deuteron has no bound excited state . Due to  its fundam ental 
importance, many careful and sophisticated measurements have been carried out on the 
deuteron. We know th a t the binding energy of the deuteron is 2.224 573 12(22) MeV 
from radiative capture of a  slow neutron by hydrogen, n +  p  — ► 7  + d [G+86]. Some 
im portant measured quantities of the deuteron are listed in Table 1-1 [Won90].
Since the masses of proton and neutron are so close in value, it is postulated th a t 
they are the same particle in two different quantum states. This idea was first suggested 
by Heisenberg [Hei32], who used the Pauli spin matrices to  represent the a ttrib u te  th a t 
we call isospin. Isospin was introduced originally to  simplify calculations involving the 
interactions among protons and neutrons through nuclear forces. In the isospin formal­
ism, the proton and neutron are treated as though they were two different quantum- 
mechanical states of the same entity, the nucleon. A proton is distinguished from a 
neutron by the value of its isospin projection quantum  num ber, I3' the value I3 =  1 /2  
is arbitrarily assigned to  the proton and I3 =  - 1 / 2  to the neutron. So, the proton is 
defined as
\ I = \ ,  h  =  \  >  =  P ( 1-1)
and the neutron as
\ I = \ , h  = - \ >  = n- t1'2)
4I  is the isospin. For a  two-nucleon system, we have
\ I  = 1, h  = 1 > = VP
isospin triplet |7 = 1, I 3  =  0 > =  -W p n  +  np)
(1-3)
\I  =  1, I 3  =  - 1  > =  nn
isospin singlet \I  =  0 , I 3  = 0 > =  ^ - (p n  -  np).
Since both the pp and the nn  systems are unbound and assuming tha t the nuclear force 
itself is charge independent, one concludes th a t the deuteron is the isospin singlet state  
with 1 = 0.
The slow neutron capture experiment mentioned above not only gives the deuteron 
binding energy, but also reveals the parity of the deuteron wave function. Because of
the low energy nature of the neutrons in this reaction, the angular momentum, L , of
the initial two-body state is 0. The relationship between parity  and L  is given by
parity =  (~ 1)L (1-4)
This gives the initial state an even parity. The photons from this radiation capture 
reaction are from magnetic dipole transitions (M l) [Lev60]. This transition selects out 
from the photon field the part th a t contains one unit of angular momentum and even 
parity. Assuming th a t strong interactions conserve parity. This means th a t the deuteron 
bound sta te  wave function must have an even parity.
Deuteron has to tal spin 7  =  1. In a  non-relativistic picture, it is made up of a
proton and a  neutron. Since the nucleon has spin 1/2, the intrinsic spin of the deuteron
can only be 5  = 0,1. One has
J  = L  + S,  (1-5)
and the only possible L S  combinations for the deuteron are
5 = 0  5 = 1
L  =  1 L  =  0 ,1 ,2 .
5Since we know th a t the deuteron has even parity, this confines the possible values of 
L  to  even integers. In this case, L  can only be 0 or 2. Thus we can conclude that 
the ground sta te  of the deuteron has total angular momentum J  =  1, intrinsic spin 
5  =  1, isospin 1 = 0 and even parity. There remain, however, two possibilities of orbital 
angular momentum, L = 0 and L = 2. In spectroscopic notation, the £ = 0 , 5 = 1  state is 
represented as 35i (5-triplet state) and the L= 2, 5 = 1  as 3 D i (H-triplet state).
Let us assume L  =  0 for the deuteron for a moment; its wave function is then 
spherically symmetric and the angular momentum of the nucleus is entirely attributable 
to the spin of the nucleons. The deuteron spin of 1 implies th a t the proton and the 
neutron spins are parallel. In such a case the magnetic moments should also add:
proton moment =  2.7928
neutron moment =  -1.9130
sum of the two moments =  0.8798 fipj
deuteron moment =  0.8574 /zjv
It is seen th a t the deuteron moment almost agrees with the sum of the moments of proton
and neutron. This suggests th a t the dominant part of the deuteron is the 35i state.
The very small but non zero electric quadrupole moment of the deuteron indicates the
existence of a small component of a  3 D\  state in deuteron. This mixture of states with
different orbital angular momentum signals that there is a non-central force, namely the
tensor force, acting between the two nucleons. A detailed study of the deuteron nuclear
structure can provide more information about the tensor force in this two body system
and brings us one step closer to  the understanding of the nuclear forces.
One way to  study the deuteron structure is by an electromagnetic probe. The 
deuteron being of spin 1 , its electromagnetic properties are described by three form 
factors: the electric monopole (or charge) Gc,  the electric quadrupole G q  and the 
magnetic dipole Gm  form factors [BS57] . W ith an electron beam of a few hundreds 
MeV, the de Broglie wave length of the electrons is about the same size as the nuclear
6dimensions of a  few /m , and the nucleus no longer looks like a point particle. The charge 
and magnetization density distributions in the nucleus become “visible” to  the incident 
electrons. The scattering results are sensitive to  the charge and current densities inside 
the deuteron nucleus. All observables of the electron-deuteron scattering are bilinear 
combinations of the three form factors above. The determination of those quantities is 
among the most fundamental in nuclear physics.
Since the interaction between an electron and a nucleus is primarily electromagnetic 
in nature, the density distribution observed through electron scattering is predominantly 
the distribution of protons which carry the nuclear charge. In principle, strong inter­
action mechanisms can be used to deduce the nucleon distribution of both the protons 
and the  neutrons.
A hadronic probe with momentum between 100 to 1000 M eV/c has a wave length 
comparable to  or smaller than  the size of a nucleon. At this energy, the coherent scat­
tering from the nucleus is lost and the scattering takes place essentially from individual 
nucleons. The fact th a t the deuteron has a  small binding energy, with its two nucleons 
spending most of their time far away from each other, also favours this quasi-elastic 
scattering condition. As a result, the scattering is sensitive to the nucleon density 
distribution.
Quasi-elastic scattering is different from elastic scattering off free nucleons. The 
nucleons in a nucleus are continuously moving around with respect to the nuclear center 
of mass and this motion is known as the Fermi motion. Hadron-deuteron scattering 
experiments can provide information on the single nucleon momentum distribution of a 
bound nucleon inside a deuteron.
No study of the deuteron structure is complete without polarization measurements 
and the availability of the high energy polarized deuteron beam provides one such op­
portunity. The simplest experiment of this kind is to measure the analyzing powers
7of the polarized deuteron scattered at a target. The differential cross section depends 
on both  the vector and tensor polarization of the beam, as well as the analyzing pow­
ers themselves. As shown in Appendix A, in general there are three vector and five 
tensor analyzing powers for this reaction. In terms of spherical tensor representation, 
they are equivalent to  three first-rank tensors, 2 n ,7 io ,T i _ i, and five second-rank ten­
sors, T22, T21, T20, T 2  _ i , T2 _2< The conservation of parity reduces their number to  four, 
namely ? n , T 2o,T2i ,T22- These analyzing powers can be measured experimentally by 
m anipulating the beam polarization states. An excellent review on this subject was 
given by Gerald G. Ohlsen [Ohl72].
An example of this type of experiment is the scattering of a polarized deuteron 
from a  hydrogen target and detecting the forward going protons. Both elastic 1 H(d,p)d  
[P+ 93] and inelastic 1 H ( d , p ) X  [PP90]scattering experiments have been done. When 
the polarization symmetry axis is perpendicular to the beam momentum direction and 
the outgoing proton is measured at 0°, all analyzing powers except T20 vanish. The 
impulse approximation assumes th a t the measured protons predominantly come from 
the deuteron nuclei and are spectators of the deuteron breakup reaction. Under this 
assumption, the measured value of T20 can be expressed in term s of a ratio between 
the amplitudes of D  and S  states of the deuteron wave function as dem onstrated in 
Chapter 4.
The next logical step is to also measure the polarization of the outgoing protons 
in the (d ,p) reaction at 0°. In proton spectator assumption, the polarization transfer 
coefficient, k 0, from the deuteron to  the proton can also be expressed in term s of the 
same D / S  ratio.
A series of deuteron experiments is under way both at Saclay and Dubna. It is 
hoped tha t we can collect enough information to determine in what energy region the 
impulse approximation description of the reaction is valid. In the region where the
8proton spectator description no longer dominates, we would like to find out what other 
kind of reaction mechanisms contribute to the process. Such mechanisms can be final 
states interactions, A-resonances excitation or quark-gluon effects. The ultim ate goal is 
to determine the deuteron wave function experimentally and to provide a solid testing 
ground for all the theories of the nuclear force.
The experiment reported in this dissertation was performed at the synchrotron Sat- 
urne II a t Saclay in the Summer of 90. It consisted of two parts. The first part of the 
experiment was to  measure the polarization transfer coefficient in the deuteron breakup 
reaction 1 H(d ,p )X]  the second part was a calibration of the proton polarimeter used in 
this experiment.
In Chapter. 2, the details of the hardware and experimental set-up are given, espe­
cially for the polarimeter and the spectrometer . The event selection and d a ta  analysis 
are discussed in Chapter 3. Finally, the results and discussions are presented in Chap­
ter 4. Two appendices are also included in this thesis. Appendix A describes the Madi­
son Convention of notations for polarization experiments. Appendix B gives details of 
the dead-time correction of the deuteron beam polarimeter.
Chapter 2
Experimental Set-up
The main objective of the present experiment was to  measure the vector polarization 
transfer coefficient, k 0 , from the deuteron to  the proton in the inclusive deuteron breakup 
reaction on a  hydrogen target, 1 H { d , p ) X , at 0°. This experiment consisted of two parts. 
The first part was to  measure the coefficient k 0 as a function of the outgoing proton 
energy while the second part was to calibrate the proton polarimeter used during the 
experiment.
For the polarization transfer experiment, a 2.1 GeV purely vector polarized deuteron 
beam was directed onto a 4 cm thick liquid hydrogen target. Both the momentum and 
the polarization of the outgoing protons were measured. The momentum of the particle 
was determined by the magnetic spectrometer SPES4 and the proton polarization was 
measured by the focal plane polarimeter POMME. The energy of the deuteron beam was 
fixed throughout this part of the experiment. The magnetic field of the spectrometer 
was set to  eight different values, thus enabling us to  study the breakup reaction over a 
range of the outgoing proton momentum.
The calibration of POMME was done right after the completion of the polarization 
transfer experiment. The polarimeter had been calibrated previously for proton energies 
between 0.5 to  1.2 GeV. We extended this range up to  1.8 GeV. Two energies, 1.6 and
1.8 GeV, were chosen for this calibration.
In the following sections of this chapter, the hardware used in this experiment is 
discussed in more detail. Special attention is given to  the spectrometer and the po­
larim eter because they were the most im portant pieces of apparatus for this experiment. 
The geometry and the experimental setup are mentioned. The electronics and the data
10
acquisition system are shown a t the end of the chapter.
2.1 Accelerator
The experiment was done at the synchrotron Saturne II which is located at the 
Laboratoire National Saturne (LNS) inside the Centre d ’Etudes Nucleaires de Saclay 
(CENS), 25 km south of Paris.
The old synchrotron Saturne I a t LNS was completely rebuilt into a strong focusing 
machine between 1974 and 1979 and became the Saturne II. The synchrophasotron (or 
synchrocyclotron) at the Joint Institute for Nuclear Research (JINR) a t Dubna (Russia) 
and Saturne II a t Saclay (France) are currently the only two machines in the world th a t 
can provide high energy polarized deuteron beams. The main components of Saturne 
are the ion sources, injectors, and a main synchrotron. The particles from the source 
axe transported  to  the injector where they are accelerated to  interm ediate energy before 
being injected into the main synchrotron. The particle beam is then extracted into the 
experimental areas after being brought up to the required energy. The floor plan of 
Saturne II is given in Figure 2-1.
2.1.1 Ion sources
Saturne II has unpolarized sources for both light and heavy ions. It also has polar­
ized sources Hyperion for both  protons and deuterons, and Amalthee for heavier ions. 
Hyperion [A+88], named after a  satellite of the planet Saturn, was used for this exper­
iment. It is an atomic beam types source. It can produce either polarized proton or 
deuteron ions. This source was built in 1981 and began to  operate in 1982.
As shown in Figure 2-2, Hyperion is made up of a dissociator, a  sextupole m agnet, 
radio-frequency cavities and an ionizer. The principle of an atomic-beam type polarized 
source [Nii90, Gla70] is quite simple. The dissociator produces a neutral atomic beam 
from the corresponding gas. The sextupoles act as a Stern-Gerlach magnet which focus
C
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l
Figure 2-1: Floor plan of Saturne II.
ro
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Figure 2-2: The polaxized ion source Hyperion. (1) Dissociator, (2) sextupole m ag­
net, (3) radio-frequency transitions, (4) ionizer, (5) electrostatic lenses, (6 ) electrostatic 
mirror, (7) spin rotation solenoid.
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the atom s with electron spin in one direction and defocus those with electron spin 
in the  opposite direction. The highly “electron-spin polarized” atomic beam is then 
transported to  the RF transition cavities. The subsequent RF stimulate the hyperfine 
interactions [A+84] between different magnetic sub-states of the atom. It eventually 
converts the high degree of electron-spin polarization into a high degree of nuclear-spin 
polarization. This neutral beam is then passed through an ionizer where electrons are 
removed. Finally, the spin of the  polarized ions is ro tated  to  the vertical direction, 
by means of an electrostatic lense and a  mirror followed by a solenoid, to match the 
magnetic field orientation inside the  accelerator.
T he RF dissociator of Hyperion is operated a t 17 MHz [C+ 90] and the atomic jet is 
formed by free expansion a t a  gold covered copper nozzle which is cooled down to 80° K 
in order to achieve a  high atomic beam  density [Lem90]. A tapered sextupole magnet 
is used. Hyperion has a  set of removable RF transition cavities (2 for protons and 3 
for deuterons) to select the required nuclear polarization states. The whole polarized 
source, including the electron beam ionizer, is operated in a  pulsed mode. The extracted 
ion beam  current is of the order of a  few hundred /iA with a pulse length of 1.5 ms for 
protons and 1 ms for deuterons.
In the polarization transfer experiment, the source Hyperion was operated in a two- 
state  mode [A+88] which provided a  purely vector polarized deuteron beam with no 
tensor polarization component. Between consecutive beam spills, the spin direction 
of the  deuterons was alternated between up and down by activating different radio­
frequency cavities in the ion source. The maximum polarization of a  purely vector 
polarized deuteron is P z  =  ± 2 /3 . For the polarimeter calibration part of the experi­
m ent, a polarized proton beam was required. Hyperion can provide a  proton beam with 
maximum polarization up to  P z  =  ±1 . The direction of the proton beam polarization 
was also oriented vertically and flipped up and down between beam spills. In both cases,
14
the efficiency of the polarized source was about 0.9. The loss of polarization is due to 
the presence of an unpolarized background and the inefficiency in the RF cavities.
2.1.2 Injectors
There are currently two injectors at Saturne, a linear accelerator injector Linac which 
had been operational since 1969, and a new mini-synchrotron injector MIMAS [C+90] 
which was used for this experiment.
Mimas (a satellite of Saturn and an acronym for ” Machine a  Intensite Maximale par 
Acceleration et Stockage”) is an accumulator-accelerator booster tha t is used for the 
injection of both heavy ions and polarized projectiles. It has 1/3 the radius of the  main 
synchrotron and is located at the center of the main ring. The polarized particles are 
captured adiabatically in Mimas and stored at 200 keV per nucleon for up to  800 (/,s. 
The deuterons are then accelerated to 23.8 MeV and fast injected on one turn  into the 
principal Saturne synchrotron in a single shot. Accurate matching between Hyperion 
and Mimas gives an 80% efficiency for capturing and accelerating of the polarized ions, 
while th e  efficiency of transferring the particles from Mimas into the synchrotron is 90%.
2.1.3 Synchrotron
A synchrotron is a ring shaped device for accelerating charged particles by the 
repeated passage of the particles, a t essentially constant radius, through a time-varying 
electric field. The prefix “synchro-” refers to  the synchronous nature of the acceleration 
process in  which the beam particles are kept in phase with the  oscillating accelerating 
voltage as they circulate in the accelerator ring. The radius of the trajectory  is held 
constant by dipole magnets with a  variable magnetic field, adjusted exactly to  the 
increasing momentum of the beam. Quadrupole magnets, w ith the field increasing in 
the same manner, focus the particles about the central equilibrium orbit.
The main synchrotron Saturne II [Sat87] is a 100 meters circumference machine
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which consists of 16 dipole bending magnets and 24 quadrupole focusing magnets. The 
injector Mimas transfers the particles into the nearly circular cross section vacuum 
chamber of the synchrotron. During each turn  in the accelerator ring, particles are 
accelerated by two radio-frequency cavities. Position and intensity of the beam axe 
continuously measured and adjusted during each acceleration cycle. Nearly a million 
turns are needed to  reach the maximum energy. The beam line is always kept under 
a  very high vacuum (5 X 10-11 HPa) to  minimize the particle losses due to scattering 
with the gas residue.
Saturne II provides proton beams with energies between 100 MeV and 2.95 GeV, 
or heavy ion beams between 50 MeV and 1.15 GeV per nucleon with a  precision of 
10-3 . The stability of the energy of the extracted beams is of the order of 10-4 . Slow 
extraction systems with adjustable flux and duration are employed at the two beam 
extraction points of Saturne, SD2 and SD3. This extraction system has a  very high 
efficiency and provides high intensity beams to the experimental areas.
In the polarization transfer experiment, the 2.1 GeV deuteron beam came into the 
experimental area every 3.95 seconds with spill duration of 500 ms. The beam intensity 
could be adjusted between 10® and 1011 deuterons per spill. For the second part of 
the experiment, the intensity of the polarized proton beam was 5 x 10® per spill in the 
accelerator ring before extraction. At 1.6 GeV, the beam came in every 1.7 seconds. 
The acceleration time increased to  2.1 seconds a t 1.8 GeV. Each proton beam spill had 
a width of 400 ms.
2.2 Spectrometer
The magnetic spectrometer SPES4 [G+81, B+87] was designed to  measure particles 
up to  a  rigidity p / z  of 4 GeV/c, with the best possible momentum resolution of about 
5 X10-4 . Its optical design is based upon the dipole magnets of the old synchrotron yokes 
of Saturne I. It is a  weak focusing spectrometer with four dipole bending magnets, six
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quadrupole and two sextupole magnets. The to tal length of SPES4 is about 33 meters. 
Particles entering SPES4 are first bent to the left by two of the dipole magnets, and 
then to  the right by the other two dipoles. Each dipole magnet provides a  deflection 
of about 15° and the overall net deflection of the particles in SPES4 is zero. A detail 
layout of the spectrometer is shown in Figure 2-3.
The focusing of SPES4 is mostly due to the quadrupole magnets. The sextupole 
magnets are used to  bring the norm al of the final focal plane close to 0° with respect to 
the optical axis of SPES4. A horizontal image is formed at the intermediate focal plane 
(IFP) in the middle of the spectrometer. Double focusing (both vertical and horizontal) 
conditions are obtained a t the final focal plane (FFP) at the end of SPES4. Hodoscopes 
I  is placed at the interm ediate focal plane and hodoscope F  is place 14.2 cm behind the 
final focal plane. The distance between I  and F  provides a flight path of about 16.34 
meters for particle time-of-flight measurements.
The primary beam is directed from the extraction point SD3 to the target position, 
C l, a t the front end of SPES4. A very im portant component of this part of the beam 
transport line is a  moving device located upstream of the target position, which provides 
an adjustable incidence angle of the  primary beam. W ith this system, the spectrometer 
remains in a  fixed position while the scattering angle may be varied by changing the 
direction of the incident particles. When the target is placed at the C l position, a 
dipole magnet downstream of the target is used to  separate the scattered particles from 
the un-scattered primary beam. This makes the experiments with outgoing particles 
detected at 0° possible.
The 4 cm thick liquid hydrogen target, used for the polarization transfer experiment, 
has two thin Ti end windows. I t is mounted on a ladder which could slide vertically 
in and out of the beam axis. This ladder is driven by a stepper motor which itself is 
controlled remotely by a computer in the counting room. Position C l is located about
17
1 art----
I . __________
k
§  b Q1
- 5 ?  s r Q *
synchrotron Saturne U
S03 extracted beam line
Incident b e am
DO
T arg e t position
Solid angle collimator
D 6 \ ^ r S 2 ^
SPES L
spectrometer
>FFP
Figure 2-3: The magnetic spectrometer SPES4.
18
3031m m
P
Figure 2-4: The target cell and collimator of SPES4.
3 meters upstream  of the entrance of SPES4 as shown in Figure 2-4. Forty centimeter 
thick collimators w ith circular openings of variable sizes were used to  define the solid 
angles and to  control the number of particles entering SPES4.
Eight p / z  settings of SPES4 were used in the first part of the experiment. They be­
gan a t half the deuteron beam momentum and extended almost to  the proton-deuteron 
backward elastic scattering peak at 2.726 GeV/c. There was a four order of magni­
tude difference in the  cross section over the range of measurements. Therefore different 
combinations of beam  intensity and collimator opening sizes were used to  m aintain a 
reasonable count ra te . The eight p j z  settings together with the corresponding collimator 
opening sizes are shown in Table 2-1
During the polarimeter calibration, the liquid hydrogen target was removed from 
the beam line and the polarized proton beam was sent directly into SPES4. The p / z  
setting of SPES4 was tuned to  m atch the beam momentum.
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and the  reaction is dominated by C (p ,p )X .
All six wire chambers of POM M E had two signal planes, X and Y, with wires running 
perpendicular to  each other. The anode wires were 20/i gold-plated tungsten and the 
wire spacing was 2 mm for all chambers. The small chambers had a  to tal of 241 wires 
per plane and the large chambers had 481 wires per plane. The combination of the 
’’magic gas” used for the chambers was 70% of argon, 24% of isobutane, 0.4% of freon 
and 5.6% of methylal. The gap between the anode wires and the cathode was 4mm for 
the small chambers, and 6mm for the large chambers. A high voltage of 2900 V was 
applied to  the small chambers during their normal operations, and 3850 V to the large 
chambers.
The wire chambers recorded the particle trajectories before and after the scattering 
at the carbon analyzer. From th a t, the polar and azimuthal scattering angles of each 
event could then be calculated. We chose to  use the laboratory frame and the coordinate 
system with the 2-axis along the optical axis of POMME, the y-axis pointing upward 
and the x-axis pointing to  the left when looking downstream. The angular distribution 
of the scattered protons is then given by
n(6 , <t>) =  no(0){ l +  A c(6 )[Py cos <j> -  Px sin <j>]}, (2-2)
where A c(0) is the analyzing power and n 0 (6 ) is the distribution for unpolarized pro­
tons. Py and Px are the projections of the proton polarization onto the y- and x-axis, 
respectively. It should be pointed out th a t the coordinate system used in the above 
equation is the ordinary spherical coordinates system, instead of the one according to 
the Madison convention. The differences between them are discussed in Appendix A.
Both the left-right asymmetry, PyA c(6 ), and the up-down asymmetry, - P XA C{6 ), 
can be found by performing a Fourier analysis on the ^-distribution of the scattered 
protons at each angle of 6 . If the analyzing power of POMME, A c(6 ), is known from 
the calibration, the transverse polarization of the proton can then be found.
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Figure 2-5: The polarimeter POMME
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2.4 POM M E calibration
During the polarization transfer experiment, the energies of the protons detected for 
different d a ta  points range from 1.0 to  1.8 GeV. The polarimeter POM M E had been 
previously calibrated only for proton energies between 0.5 and 1.2 GeV [B+90]. P art of 
the present experiment was to  extent this calibrated region of POMME up to  1.8 GeV. 
We had planned to do the calibration a t 1.2, 1.4, 1.6 and 1.8 GeV. Unfortunately, due 
to time constraint, we could only finish the two higher energy points.
During the calibration of POM M E, the polarized proton beam was accelerated to  the 
desired energy and then extracted simultaneously at both extraction points of Saturne II, 
SD2 and SD3. About 95% of the beam was extracted a t SD2 and directed onto a 
CH2 target of a four-arm left-right coincidence proton beam polarimeter, where the 
beam polarization was measured. At the same time, the rest of the proton beam was 
extracted a t SD3. This portion of beam was de-focused and then passed through a 
vertical slit before it was sent directly into the spectrometer SPES4. The width of the 
slit was adjusted to control the beam intensity entering SPES4 and POMME. The slow 
extraction system of Saturne cannot work properly if the intensity is lower than  107 
particles per spill. This intensity is still much too high for the MWPC used in POMME 
if the full beam from SD3 is sent on to  the wire chambers. The charge collected on each 
chamber would be so high th a t the protective circuit would automatically shut down 
the chambers. The only possible way to  reduce the beam intensity after extraction is 
by mean of de-focussing the beam and the use of a slit to  select only a fraction of the 
particles from the enlarged beam profile.
The calibration of POM M E was based on the assumption th a t the two proton beams 
extracted simultaneously at two different points had the same polarization. This as­
sumption seems reasonable but yet needed to  be verified. A verification procedure was 
performed a t each proton energy. A 10 cm liquid hydrogen target was put in place at
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p / z  setting
TP _ (G eV /c)
(GeV/c) during calibration during verification
at 0° a t 10.1°
1.6 2.358 2.263
1.8 2.573 2.460
Table 2-2: The p / z  SPES4 settings during the POM M E calibration.
the target position C l and the direction of the incident proton beam  was moved to  10.1° 
to m atch the scattering angle of the forward arms of the proton beam polarimeter at 
SD2. SPES4 became a  single arm proton polarimeter with a  liquid hydrogen analyzer 
as shown in Figure 2-6.
By knowing the proton-proton analyzing power a t 10.1° and assuming th a t the 
polarization of the beam spill for spin-up and spin-down states had the same magnitude 
but with opposite sign, we could find the average proton polarization after the extraction 
point SD3 by using SPES4. The value obtained was then compared with the polarization 
measurement from the beam polarimeter at SD2. As shown in Section 3.6, the two 
results were found to agree with each other to  within the statistical uncertainty.
During the double extraction verification process, SPES4 was set to  the momentum 
corresponding to  the proton-proton elastic scattering at 10.1°. For the calibration, 
SPES4 was tuned to  the beam momentum. The p / z  settings of SPES4 during this part 
of the experiment is shown in Table 2-2.
2.5 Deuteron Beam Polarimeter
There is no high energy deuteron polarimeter at Saturne. Instead, the polarization 
of the deuteron beam is measured a t the exit of the polarized source by a low energy 
deuteron beam polarimeter (DBP). It has been shown both  theoretically and experi­
mentally th a t  the deuteron beam does not depolarize during acceleration a t Saturne up 
to 2.3 GeV [A+ 88]. Therefore, the beam polarization a t high energy after acceleration
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Figure 2-6: The double extraction settings during the POM M E calibration (a), and 
during the verification (b).
25
should be the same as the polarization measured by the DBP at low energy.
The polarimeter DBP is installed in the beam transport line between the source and 
the injector. The deuteron energy at this location is 386 keV. Because of the very low 
deuteron energy, it is impossible to  place a perm anent target in the beam line. The 
polarimeter is placed after one of the dipole magnets of the transport line. W hen the 
current in the dipole is switched off, deuterons go straight into the polarim eter instead 
of bending towards the injector.
The reaction used for DBP is 2 H (d ,p ) 3 H . This reaction was chosen because it is 
exothermic and it has a large vector analyzing power at 386 keV. The analyzing power 
of this reaction also changes slowly with respect to the incident energy [A+88], which 
allows a  smooth interpolation for a thick target where energy loss of the particles is 
significant. The outgoing protons are detected at 0° and ±120° where their energies 
are 4 and 3 MeV respectively, using 150 pm  surface barrier silicon detectors 24mm in 
diameter, as shown in Figure 2-7.
The number of particles scattered to  the 120° left and right detectors in the DBP, 
tii and n n  respectively, were recorded. The asymmetry, X ,  was calculated by
x  =  (2 . 3 )
KL +  riR
This asymmetry is related to the deuteron polarization by
*  =  \ P z A DBP (2-4)
where P z  is the deuteron vector polarization and A DBP is the analyzing power of the 
reaction. The polarization can be found if A DBP is known either from a calibration or 
from a theoretical calculation.
The deuteron beam polarization was measured every 24 hours during the four-day 
polarization transfer experiment. The five polarization measurements were consistent
with each other to within the statistical error and gave an average value of about 90% of
120° d e f e c t o r  -  -
t a r g e t
beam
-1 -
\S 657
Figure 2-7: The low energy deuteron beam polarimeter.
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the maximum theoretical value. The polarization of the deuteron beam  was very stable 
throughout the experiment. The detailed analysis of the deuteron beam  polarization is 
given in Section 3.7.2.
2.6 Electronics
2.6.1 SPES4
At the spectrometer SPES4, the intermediate focal plane is covered by a hodoscope 
I  [B+ 87] consisting of 12 contiguous scintillator counters (J i, h , -  ■ - J i i )  of the size 
of 10 cm high, 1 mm thick and 21.6 cm wide. Each I  counter is connected to  two 
XP2020 photomultiplier tubes, one at the top and the other a t the bottom . In front of 
each photomultiplier tube is a  light-emitting diode, LED, which is connected to  a  pulse 
generator.
A horizontal image of the I  counters is formed a t the final focal plane. It consists 
of 12 contiguous geometrical zones each corresponding to  one I  counter. At a  distance 
from the final focal plane, the images of the I  counters are dispersed and the geometrical 
zones become wider and overlap with each other. A hodoscope . .  .,F\a) is put
at a  distance of 14.2 cm after the final focal plane. The dispersed zone of a  I{ counter 
is covered with two half overlapping counters F{ and Fi+i.  The F  counters are made of 
plastic scintillator 14 cm high, 12 cm wide and 1 mm thick. A XP2020 photomultiplier 
tube and a LED are mounted on each F  counter.
The electronics of SPES4 was built with NIM and CAMAC standard  modules giving 
NIM and ECL standard signals. A SPES4 trigger signal was generated when a  particle 
passing through the /,• counter also hit the corresponding Fi or * i+ i counter. The 
signals from the photomultiplier tubes of the I  and F  were fed to  constant fraction 
discriminators. For each I  count, the signals from the top and the bottom  of the 
scintillator were sent to  a mean-timer. It generated a mean tim e information of 
which is independent of the particle impact coordinate. The signal from /,• was then
28
fed to  a computer controlled delay box where it was delayed to  compensate the time 
required for the particle to travel from I  to  F. Finally, all I  and F  signals were fed to 
a  coincidence unit. The TDC signal of individual I  and F  counters were also recorded.
Two synchronized pulse generators were used to  drive the LEDs in front of each 
I  and F  hodoscope counters to  simulate particles flying through the spectrometer. It 
allowed fine time adjustment between the I  and F  coincidence.
2.6.2 POMME
The polarimeter POMME was equipped with a simple, low cost and compact elec­
tronic system to trea t the wire chamber signal. POM M E was designed to  measure single 
track events only. An expensive one discriminator per wire readout system was not nec­
essary. Instead, the position determination of the chamber was done by charge division 
on a resistor chain th a t connected all the anode wires [FL91] as shown in Figure 2-8. 
The charge collected on the hit wire flowed down along the anode wire into the resistor 
chain. Charge preamplifiers were spaced regularly along the line to amplify the charge. 
There was a preamplifier every 16 wires for the small chambers and every 32 wires for 
the large chambers. The signal from each preamplifier was sent to a  receptor which 
amplified the signal further. The to tal gain was about 100. A fast ADC multi-channel 
system (LeCroy FERA) was used to encode the charge. A programmable threshold for 
the FERA allowed one to  suppress the background. Only the FERA signals above the 
corresponding threshold were transm itted to  the computer.
The trigger of POMME consisted of a coincidence between the plastic scintillator Pi 
and the hodoscope F  of SPES4. Scintillator P\ was put 5.5 cm in front of the carbon 
analyzer C , and F  was 22 cm upstream of P\. The scintillator was viewed from both 
ends by photomultiplier tubes XP2020. The coincidence of the POM M E trigger and 
the SPES4 trigger is made in a  specially designed coincidence module which activates 
the data  acquisition process. The logic of this trigger module is shown in Figure 2-9.
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Figure 2-9: The structure of the event trigger.
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2.7 D ata Acquisition
The d a ta  acquisition was accomplished with a CAMAC system and the SAR (Satel­
lite d ’Acquisition Rapide or Fast Acquisition Satellite) com puter developed a t the Lab- 
oratoire National Saturne in the late 1970’s. As soon as an  event trigger appeared, the 
computer was interrupted. A special treatm ent program was activated in the computer 
which performed the reading of the event parameters from the CAMAC modules. At 
the same time, a pulse was generated to  prevent any other event trigger by vetoing 
the coincidence module. The system was restored and ready for new events after the 
computer finished the acquisition procedure.
More than  half the proton-carbon reactions in POM M E were multiple Coulomb 
scatterings with no nuclear interaction involved. Those events are of little use for the 
proton polarization measurements since Coulomb scattering is spin independent and 
has no analyzing power. Such purely Coulomb events also had typical scattering angles 
of 0.6° (r.m .s.) in the proton energy range of this experiment. This made them even 
more undesirable since the azimuthal angular resolution of POM M E was poor when the 
polar scattering angle was small. The ^-distribution of the proton-carbon scattering 
events with 6  less than 1° was unreliable. An on-line d a ta  reduction procedure, with 
the help of a  computer program RAF [TG92b], was intended to  remove these unwanted 
events from the acquisition.
The idea of the on-line da ta  reduction was to have a  quick way to  find the polar 
scattering angle of the proton-carbon interaction in POM M E and to  reject the events 
if their angles were smaller than a  preset value. This “fast rejection” process was fast 
(~  105/is per event) [TG92b] and did not tie up the computer. The dead-time of the 
acquisition system was always kept below 25%. The flow chart of the program RAF is 
given in Figure 2-10. The program did a  rough estimation of the scattering angle by 
using only the information from three of the six wire chambers. It read the FERA values
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from the first and the third small chamber in front of the carbon block and the last large 
chamber. Both x  and y  coordinates of these three chambers were reconstructed and the 
scattering angle was calculated. In this experiment, if the angle was larger than  2°, the 
FERA of the remaining wire chambers and all the other experimental param eters from 
the CAMAC modules would be stored in the computer memory buffer. On the other 
hand, if the angle was found to  be smaller than 2°, the event would be rejected and none 
of the remaining CAMAC modules would be read. The system was then reset by a  “fast 
clear” signal and ready for the next event trigger. In some cases, the polar scattering 
angle could not be found on-line due to  problems of the wire chambers. Those events 
were still kept and saved on tape for off-line analysis. Every hundredth event was stored 
in the buffer regardless of the result of the on-line scattering angle estim ation. Those 
events were specially marked and served as a sample of the original population before 
the on-line da ta  reduction.
Between successive beam bursts, the computer SAR transferred the d a ta  from its 
memory buffer onto a  magnetic tape for permanent storage. After finishing the tape 
writing task and before the arrival of the next beam burst, the SAR did a  simple on-line 
analysis of the events from the previous burst. The computer looked at as many events 
as time allowed and updated about a hundred histograms. Displaying those histograms 
on-line was very helpful for monitoring the experiment during its progress.
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Figure 2-10: Flow chart of the on-line d a ta  reduction program.
Chapter 3 
Data Analysis
During the experiment at Saclay, data acquisition and on-line analysis were handled 
by the computer SAR. The full off-line analysis was done at the College of William 
and M ary on a  microVAX II computer. FORTRAN77 programs utilizing the CERN 
HBOOK and HPLOT packages were used to  analyse the data. The histogram  plotting 
was done with the graphic software PLOTDATA.
In this chapter, the d ata  structure of the experiment is discussed. The details of 
the da ta  analysis including the special features for POM M E and SPES4 are then given. 
The on-line d ata  reduction and the off-line event selection are described. Finally, the 
proton polarization and the deuteron beam polarization are calculated together with 
their corresponding statistical error analyses.
3.1 D ata  Structure
D ata from each run were put on magnetic tape as separate file which contained a 
number of blocks with variable block size. There were three different kinds of blocks in 
each file, namely the labeling block, the parameter block and the event block. The labeling 
block indicated the beginning of a run. The second block of each file was the param eter 
block which stored all the parameters and constants used during the run. The rest of 
the file consisted of the event blocks containing the raw data. The number of blocks in 
each file could be different depending on the amount of d ata  acquired [Sat90].
During each beam burst, data were collected, tested and put in the com puter memory 
buffer for tem porary storage. After the end of the beam burst and before the beginning 
of the following burst, those data  were transferred from the buffer to  m agnetic tape for
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permanent storage.
The da ta  from each burst were kept in a separate record. Each record was made up 
of one or more event blocks depending on the number of events acquired during that 
beam burst. The maximum size of an event block was 65536 bytes. At the beginning 
of an event record were the 98 scalers which the computer SAR read from the CAMAC 
modules. It was followed by the data  themselves, which were recorded in an event-by- 
event form at. The d a ta  from each event consisted of the TDC and the firing pattern  
from the hodoscopes I  and F  of SPES4, together with the ADC and TDC information 
from the scintillator P\,  and the FERA signals from the wire chambers of POMME. 
There was also a SAR clock signal for every event, which recorded the “tim e” when 
the event happened relative to  a synchronized signal provided by the accelerator at 
the beginning of each beam burst. SAR transferred the data  from its buffer on to  a 
magnetic tape during tha t brief moment between beam bursts. When it used up all the 
65536 bytes in the first event block, it moved on to the next block and so on until it 
finished copying everything from the memory buffer. All 98 scalers were reset before 
the beginning of the next beam burst and the record of the events from the new burst 
was started  with a new event block.
Besides the magnetic tapes, additional backup copies of the data were put on 8mm 
exabyte tapes. The data  file from each run was first copied onto a hard disk of the 
micro VAX before any analysis to speed up the process by cutting down the inpu t/ou tpu t 
processing time. SAR and microVAX have slightly different data  structure. Using 
micro VAX to read a file w ritten by SAR required a byte-flipping procedure for every 
data  word. It was done by a computer program before the analysis was begun.
3.2 POM M E
The function of POMME is to measure the angular distribution of the protons from 
the pC scattering, and from that to  determine the proton polarization. The heart
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and soul of this polarimeter is the six multi-wire proportional chambers. One of the 
main tasks of the analysis was to decode the FERA signals from the chambers and to  
reconstruct the particle trajectory.
As mentioned in Section 2.6.2, POMME uses a special charge division m ethod on a 
resistor chain to  locate which anode wire the particle hit. This resistor chain connects 
all the anode wires, and 16 amplifiers are placed evenly along the chain. The segment 
between two consecutive amplifiers is defined as a section and labeled by a section 
address, SA. There are 15 sections on each wire plane. The relative position p  of the 
“hit” wire within a  section is given by a simple empirical formula
p = at + bt3  + 0.5 with t =  ^  (3-1)
where R (L )  is the FERA from the right(left) amplifier of the section, r  is the relative gain 
between the two amplifiers, a and b are parameters (one set for the small chambers and 
another set for the large chambers) which take into account the portion of sensitive area 
within a section and the non-linearity defaults along the resistor chain, respectively. The 
best values of a and b for the small chambers are found to  be 0.91 and 0.00, respectively. 
For the  large chambers, the values are 0.81 and 0.2657.
This formula works under the assumption th a t only two consecutive amplifiers fired. 
The definition of an amplifier fired was th a t its FERA ADC signal was above the preset 
threshold, the signal was then transm itted to  the SAR and eventually ended up on 
tape. Those thresholds were calibrated before the experiment by reading the FERA 
from the  chambers when there was no particle hitting them. This corresponds to  the 
“dark current” measurements of individual chambers.
In reality, any number between 0 and 16 amplifiers could fire on one plane. The 
analysis criterion was to  select those events with one to four consecutive amplifiers 
fired. If only one amplifier fired, the location of th a t amplifier was used as the position 
of the hit anode wire. When three consecutive amplifiers fired, the middle one and the
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one on the side with the  larger signal were chosen. W hen four consecutive amplifiers 
fired, the middle two were used. No event with more than  four amplifiers fired was 
analyzed.
For the central p art of the front chamber where most of the incoming particles hit, 
a  better formula was used to  replace the one described above. It introduces a  FERA 
offset param eter for each amplifier and keeps only the linear term  in t',
-ih  1 [ r \R  + 6R) - ( L  + 6L)]
p — at + 0.5 with t -  2 +  6r) + iL  + , (3-2)
where 6 r ( 6 l )  is the offset param eter for the right(left) amplifier and r '  is the new 
relative gain. This formula works better than  the Equation 3-1 simply because it has 
more param eters. The new parameters for every section are obtained by adjusting their 
values until the distribution of p  resembles the known anode wire spacing.
The results of the position spectrum of a single section, in both the  small and the 
large chambers, are given in Figure 3-1. It clearly shows th a t the small chambers have 
better spatial resolution. For the large chambers, one anode wires a t each edge of a 
section is “missing” . This happens because of the huge difference in resistance on the 
resistor chain on both sides of tha t anode wire. The charge division mechanism puts 
most of the current to  the nearer amplifier, while the amplifier on the far side of the 
section gets almost no current. Since every amplifier has a preset threshold value to 
eliminate the background noise, any signal below tha t threshold will be discarded. The 
event becomes a  “single amplifier fired” event. The position of the particle in this section 
will then be assumed to  be the location of the fired amplifier.
A Cartesian coordinate system, as shown in figure 2-5, was used when reconstructing 
the particle trajectories. The z-coordinate of every chamber with respect to  a  fixed 
reference point was measured very carefully at the beginning of the experiment. Their 
value are shown in table 3-1. They were stored in the param eter block and p u t on tape 
every tim e when a  new run was started.
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Figure 3-1: The position spectrum of a  small chamber (a), a  large chamber (b).
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Chamber
^-coordinate (mm)
X plane Y plane
Ci -1196 -1204
c2 -696 -704
c3 -196 -204
CA 739 715
c 5 1182 1158
C6 1625 1601
Table 3-1: The ^-coordinates of the chambers from a fixed reference point.
The x  and y  coordinates of the particle a t each chamber is given by
x  = ( p + S A - 8 . 5 ) t tec + X 0 (3-3)
y  = { j p + S A - 8 .S)ltec + Y0  (3-4)
with I acc =  32mm(64mm) for the small(large) chambers being the width of a section,
and S A  the address of the section where the “h it” anode wire was located. X 0 and
Y0  are the geometrical offset param eters (one for each plane) which take into account 
an eventual misalignment of the chambers. The three large chambers were misaligned 
on purpose by one th ird  of a  section width (~ 21m m) to reduce the possible systematic 
error in the scattering angles determination due to  the missing wire problem at the 
edges of each section lining up.
As shown in Equation 3-3 and 3-4, the alignment of the chambers is very crucial 
in calculating the particle trajectory  and the geometrical offset param eters must be 
very finely adjusted. During the experiment, one run was dedicated to  determine those 
parameters. In this run, the carbon block was removed from POMME and the particles 
were sent directly onto the wire chambers. The particles travelled along a  straight path 
through all six chambers. Their coordinates at each chamber were found following the 
same procedure mentioned above except for the geometrical offset param eters, X 0 and 
Y0, in Equation 3-3 and 3-4 were set to zero. An equation of a  straight line was then 
calculated using th e  particle coordinates at the first and the last chambers. For the
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Figure 3-2: The deviation between the straight line and the position readout from the 
y-coordinate of chamber C\.
four remaining chambers, the difference between the particle coordinate a t each plane 
and the corresponding value calculated by the straight line equation was plotted in a 
histogram  . The distance of the centroid from the origin gave the geometrical offset 
param eter of th a t chamber. The result of Y0 for chamber C4 is shown in Figure 3-2 as 
an example. The offset param eters for all six chambers are given in Table 3-2.
After including the newly found geometrical offset in the calculation, the particle 
coordinates from all six chambers were used to  determine a best straight line for the 
particle trajectory  by least square fit. The difference between this straight line and the 
particle coordinates a t individual chambers was plotted again. This time, the centroid 
of the distribution should be centered at zero and the width would indicate the spatial 
resolution of the chamber. The average resolution of ail six planes in the front chambers 
was found to  be 1.6mm (FW HM ). The average resolution of the rear chambers was
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Chamber
offset parameter (mm)
Xo Y0
Ci 0.00 0.00
C 2 - 1.55 -1.55c3 1.30 -2.39
c4 -20.62 18.37c5 19.33 -15.99
c6 0.00 0.00
Table 3-2: The geometrical offset parameters for the chambers.
3.2mm (FW HM ), compared with the 2mm anode wires spacing. The spatial resolution 
of the small and the large chambers are shown in Figure 3-3.
This same run was also used to  estimate the efficiency of the wire chambers with 
the special readout system. The average efficiency of an individual wire plane is about 
98.5% for the small chambers, and is about 83.5% for the large chambers.
The three front chambers are used to track the particle before the proton-carbon 
scattering while the three rear chambers reconstruct the trajectory  after the scattering. 
Since each chamber consists of both x  and y plane, there are three x planes and three 
y planes for every trajectory. It is an over-determined system. The overall efficiency of 
the three front chambers as a group to  reconstruct the particle track is estimated to  be 
about 99.8%. The similar overall efficiency for the three rear chambers as a group is 
about 84.4%.
The thickness of the carbon block in POMME was 53.0 g cm ~2 (31.2cm thick with 
density of 1.7 g cm -3 ), to  be compared with the carbon nuclear collision length of
60.2 g cm -2 . The probability of having any nuclear collision between the proton and 
carbon is then given by [1 -  exp(-53.0/60.2)] =  0.59. The chances for a single, double, 
triple scattering are 37%, 16% and 5%, respectively. The proton trajectories before 
and after the pC scattering should intercept with each other within the thickness of 
the carbon block if there was no multiple scattering. It is not true in reality, even for
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Figure 3-3: The spatial resolution of the small and the large chambers.
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the single scattering cases, because of the uncertainty in track reconstruction due to 
the finite spatial resolution of the wire chambers. Instead, the distance of the closest 
approach between the  two trajectories was calculated. The coordinates at the middle 
point of this distance was taken to  be the interaction vertex.
After the particle trajectories were reconstructed, the polar and azimuthal scattering 
angles of the pC interaction were calculated using the following equations
cos 0 =  m " m *f +  m yTm y} +  1
+ m lr +  1)(™£/ +  m 2v} +  1)
tan  *  =  +  1) -  rnvJ{mxrm x} +  1) ^
(m xr “  +  m l f  +  1
m xf  and m yj  are the slopes of the reconstructed particle trajectories in the front cham­
bers projected on to  the x-z  and y-z plane, respectively, while m XT and m yr are the 
same quantities for the rear chambers. The convention was chosen in such a way tha t (j> 
is 0° in the positive a:-axis direction (downstream on the left) and is 90° in the positive 
y-axis direction (upwards). When the incoming particle trajectory  is almost parallel to 
the optical axis such th a t m x/  and m y/  are much smaller than  1, the equations become
cos 6 ~  1 (3-7)
^ m ^  +  ro ^  +  l
t a n ^ ~  (3-8)
Tfl'XT
3.3 SPES4
The main purposes of the magnetic spectrometer SPES4 is to  select the protons with 
the desired momentum, and to  transport those protons to  the polarimeter POMME. 
The particle identification in SPES4 is accomplished by combining magnetic rigidity 
of the particle and its time of flight between the two hodoscopes, I  and F.  The time 
of detection in individual I  and F  scintillator counters was digitized in TDCs and the 
difference between them  defines the tim e of flight (TO F) of the particle. The TOF
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spectra of both combinations of 1* • Fk and Ik • Fk+i were calculated for all k  from 1 
to  12. All the spectra showed a  peak corresponding to the protons. At the d a ta  points 
with higher proton momentum, the dipole magnet after the liquid hydrogen target cell 
together with the collimator of SPES4 were no longer capable of completely separating 
the protons from the beam particles entering the spectrometer and scattering on various 
pieces of hardware so as to reach the focal plane. A second peak corresponding to  the 
deuterons began to  appear in the TOF spectra. Both peaks have a width of about 
30 TDC channels (FW HM ) and the separation between them is 180 TDC channels. 
Accidental coincidence events only appeared at the data  points with the highest proton 
momentum. They showed up as a flat platform under the proton peak as shown in 
figure 3-4.
The proton peaks in all individual TOF spectra with different I  and F  counter 
combinations were shifted to  TDC channel 0 before they were added together to  form a 
single I - F  TO F spectrum. A window of 100 channel wide (between channel -60 and 40) 
was used to  select protons from this spectrum. For the d a ta  point in which accidental 
coincidences occurred, two additional TOF windows were used to sample the accidental 
events. Those events were used for the background subtraction. The two windows, one 
on the left and the other on the right of the proton peak, were from channel —100 to  
—60, and from channel 40 to  100.
The final focal plane of SPES4 is located between the second and the third front 
chambers of POMME. The normal of the focal plane makes an angle of 1° with the 
optical axis. Its location relative to  a fixed reference point were recorded in the pa­
ram eter block and put on tape  at the beginning of every run. The direction and the 
momentum of the particle a t the liquid hydrogen target are related to its trajectory at 
the focal plane by a set of transport coefficients. By knowing the particle information 
at the focal plane, its momentum and scattering angles at the hydrogen target can be
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Figure 3-4: The TO F spectrum for the d a ta  point with p / z  =  1.75 GeV/c (a), and the 
data point with p / z  =  2.61 GeV /c. The dashed lines are the window for protons and 
the dash-dotted lines are for the background.
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0 1 2 3 4 5
a 0.5496 l.se sx io -* -6.193xl0-a -1.979x10"“ -2.428 Xl0"a 1.391 xlO”3
b 0.3031 -0.2829 0.9882 2.337x10““ 4.832xl0"3 -2.206X10-3
c -6.540 3.659 -0.1076 -0.2004
d 0.1310 -2.678xl0-2 -0.2034 0.1994
Table 3-3: The transport coefficients of SPES4. 
calculated from the following equations:
6 =  a0  + CLiXf +  02 0 F +  CLzXp +  040 p  +  ( I s X fQ f (3-9)
0 j =  b0  +  b\XF  "I" d" bzXp  +  &40p +  &5.Xjp0F (3-10)
=  Cl Yp  +  C2$ F  +  CzYf ^ +  C4$f6 (3-11)
YT =  d\Yp  +  dz$F  +  d^YpS +  d4$F& (3-12)
where a,-, c,- and d; are the transport coefficients given in Table 3-3, 6  =  A p /p  is
the percentage of the particle momentum deviation from the SPES4 p / z  setting, 0  is 
the horizontal angle of the particle trajectory with respect to  the optical axis, $  is the 
similar vertical angle, and X (V ) is the z(j/)-coordinate of the particle. The subscript 
F  indicates the variables are measured at the final focal plane, while the subscript T  
means the values are calculated at the hydrogen target. In the above equations, 6  is in 
%, X  and y  are in mm, 0  and $  are in mrad.
A single run was done using the deuteron-proton backward elastic scattering re­
action, 1H(d,p)d, to  verify the values of the transport coefficients. W ith a  2.1 GeV 
deuteron beam and the 4cm liquid hydrogen in place, the rigidity of the spectrometer 
at 0° was set to  2.70 GeV/c with momentum acceptance of about ±3%. The protons 
emerged from this elastic reaction would have a  momentum of 2.725 GeV/c. It was 
found th a t the original value for one of the transport coefficients, a®, had to  be in­
creased from 0.0496 to  0.5496 for this experiment. The momentum spectrum of this 
backward elastic scattering is given in Figure 3-5.
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Figure 3-5: The proton momentum spectrum of dp backward elastic scattering.
3.4 Event Selection
3.4.1 On-line
The on-line da ta  reduction program RAF, discussed in section 2.7, was used during 
the data  acquisition to remove events with proton-carbon scattering angles less than  
2°. Due to  the time constraint during the da ta  collection, a  simplified method was 
employed by RAF to calculate the polar scattering angle. It read the information from 
the first and the third front chambers as well as the  last rear chamber of POMME. The 
particle coordinates on each chamber were calculated in the same way as described in 
section 3.2, except with the relative gain r  set to 1, and the non-linearity parameters 
a = l  and 5=0. The polar scattering angle 9 was then approximated by
f 2 4- a2
tan 2 6  =  ■ \ 9  (3-13)
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where
/  =  [—----—(X3 — *1) +  X3] — X6  (3-14)
zz  -  Z\
9 = \t — ^(.Va -  Vi) + Vs] -  Ve (3-15)zz  -  Zl
Z — Zq Zcarbon (3-16)
* t(3/>) are the particle coordinates a t the iifi chamber, Z{ is the position of the corre­
sponding wire chamber given in Table 3-1 and z c a r b o n  is where the center of the carbon 
block was located along the 2-axis. An event was rejected if the scattering angle found 
on-line was less than  2°. Every hundredth event was collected regardless of the result 
of the on-line 6  calculation. From analyzing this 1% “uncensored” events, it was found 
th a t 95% of the events rejected by RAF on-line indeed had 6  less than 2° as shown in 
Figure 3-6.
3.4.2 Off-line
For the  off-line analysis, events from a whole beam burst were read by a FORTRAN 
program and the d a ta  was analyzed event-by-event. After treating all events from the 
burst, the program moved on to the next burst and repeated the same task over until 
it reached the end of the data  file. The TO F between the I  and the F  hodoscope of 
SPES4 was first calculated and a 100 TDC channel software window was used to select 
the protons as mentioned in section 3.3. After this, the particle trajectories in both the 
front and the rear chambers were reconstructed. The proton-carbon scattering angles 
could then be found as described in section 3.2.
Up to  this point, not every event reconstructed was useful. For instant, some of the 
protons may have come from the wall of the 40cm thick collimator in front of SPES4 
instead of the liquid hydrogen target. Those events should be excluded from the final 
analysis. A number of variables were calculated for every event and a set of software 
windows (or cuts) were applied on those variables to  remove the unwanted events. The
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Figure 3-6: The ^-distribution of the 1% sampling events (a). In (b) are events rejected 
by the on-line da ta  reduction program and the events being kept are show in (c).
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main philosophy was to  use a  number of “loose” cuts rather than  a few “tigh t” cuts. 
By doing so, the exact widths and locations of the windows were not critical.
The finite resolution of the wire chambers gave some uncertainties in the particle 
track reconstruction. Those uncertainties propagate to  the proton-carbon scattering 
angle calculation and they directly affected the proton polarization measured in the 
experiment. Some steps were taken to minimize the amount of those uncertainties in 
the analysis.
The three front chambers functioned as a group to reconstruct the particle track 
before the carbon. The rear chambers worked in a  similar way. A least square fit proce­
dure was used to find the best straight line to represent the particle trajectory in each 
group of chambers. When all three wire planes in a  group fired, the difference between 
the particle coordinate and the best straight line was calculated for each chambers. The 
square of these differences were summed together for the x-front chambers, the y-front 
chambers, the x-rear chambers and the y-rear chambers. These four variables were used 
to  measure how well the straight line agreed with the readout from the chambers. Cuts 
were applied to these sums to  remove events th a t were badly reconstructed. Obviously, 
the same summation would be 0 if only two out of three wire planes fired. Any cut on 
this variable would favor the “two-plane fired” events. T hat was the reason why the 
windows on this variable were very wide. The spatial resolution is 1.6mm (FW HM ) for 
the front chambers and 3.2mm (FW HM ) for the rear chambers. The windows chosen for 
these variables had a width of 768mm2 (=3x[10 x 1.6mm]2) for the front chambers, 
and of 3072mm2 (=3x[10 X 3.2mm]2) for the rear chambers.
The coordinates of the proton-carbon interaction vertex were reconstructed for every 
event as described in section 3.2. Cuts were put onto these coordinates to reject events 
with the calculated pC vertex far away from the carbon analyzer. The physical size 
of the carbon block in the x, y and z  direction were ±27.4cm, ±13cm and ±16.25cm,
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respectively. The corresponding cuts were ±40cm on the 3 -coordinate, ±20cm on the 
y-coordinate and ±50cm on the 3-coordinate. The distance of the closest approach, 
dclos, between the particle tracks in the front and the rear chambers was also calculated. 
Events with this distance larger than 2cm were considered to  be bad events and rejected. 
The histograms of each coordinate and its corresponding window are shown in Figure 3-7 
and 3-8.
W ith the transport coefficients of SPES4 discussed in Section 3.3, we can calculate 
the momentum spread of the protons, S, together with the horizontal and vertical scat­
tering angles at the liquid hydrogen target, 0 t  and respectively. Two 2-dimensional 
histograms, (O r  vs 6 ) and ($ x  vs 6 ), were created. As shown in Figure 3-9, the con­
tour of the SPES4 collimator could been seen clearly in these two histograms. A set of 
2-dimension cuts were applied to  remove the protons th a t were obviously not coming 
from the opening of the collimator.
After all the software cuts mentioned above, the events th a t survived were considered 
“good” events. They were protons emerging from the liquid hydrogen target, passing 
through the opening of the collimator with momentum within the acceptance of SPES4, 
and then scattered by the carbon analyzer of POMME.
The proton polarization is determined by measuring the ^-asym m etry of the proton 
scattering at the polarimeter. POM M E is a specially designed device which can measure 
the full 27T range of <j> and for 6  up to about 30°. Fourier analysis is used to  determine the 
asymmetry from the angular distribution of the scattered events. But before applying 
the Fourier analysis, the instrum ental asymmetry th a t originated from the geometrical 
shape of the wire chambers has to  be removed. A test was used to  check for every event 
with polar scattering angle 6 , whether the whole 27t range of azim uthal angle </> was 
contained within the geometrical acceptance of the chambers. This cone test removed 
any event th a t did not have the whole 2n circle of </> within the chamber. The test tends
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Figure 3-7: The x- and y-coordinates of the proton-carbon scattering vertex. The 
dashed lines are the locations of the cuts.
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Figure 3-8: The ^-coordinates of the proton-carbon scattering vertex (a) and the dis­
tance of the closest approach between the trajectories in the front and the rear chambers 
(b). The dashed lines are the locations of the cuts.
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Figure 3-9: The 2-dimensional histogram of 0 y  vs 6  (a), and vs 6  (b). The dashed 
line are the cuts applied for event selection.
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Total number of events 
On-line data reduction 30
100
Number of events on tape 
Event losses during off-line analysis
70
- track reconstruction 30
- software windows/cuts 12
- cone test 10
52
Number of surviving events 18
Events with 9 <  2.5° 5
Number of useful events 13
Table 3-4: The number of rejections by individual tests and cuts for every hundred 
proton-events.
to have a greater effect on events with large 6 . The x- and ^-coordinates of the particle 
trajectories at the last chamber Cq, both before and after the cone test, are shown in 
Figure 3-10. It clearly shows th a t most of the events being removed by the cone test 
come from the edges of the chamber. In Figure 3-11 are the same histogram s, bu t with 
all the incoming particle trajectories overlapping each other. It shows a circular feature 
for the events th a t passed the cone test.
For every 100 protons scattered at the carbon block during the experiment, the 
tracks of about 70 of them could be reconstructed on-line by the simplified m ethod used 
by RAF. Out of these 70 events, 30 were rejected by the on-line da ta  reduction program 
because of their small scattering angles at the carbon block. The remaining 40 events, 
together with the 30 events that could not be reconstructed on-line, were pu t on tape.
All events on tape were subjected to  off-line analysis. Eighteen out of every 70 
events on tape survived all the tests and cuts imposed on them  by the analysis program. 
Thirteen out of the 18 surviving events had scattering angle, 6 , between 2.5° and 20.5°. 
Only those events were used to find the polarization of the proton. The estim ated 
number of events being rejected due to  different tests and cuts for every 100 incoming 
protons are given in Table 3-4.
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Figure 3-10: The x- and j/-coordinates where the particle intercepted the plane of the 
last wire chamber before (a), and after (b) the cone test. The dashed line indicates the 
physical boundaries of the chamber.
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Figure 3-11: Same histograms as figure 3-10, but with the incoming particle trajectories 
overlapping each other.
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After passing all the cuts and the cone test, the  angular distribution of the proton- 
carbon scattering events were subjected to  a  Fourier analysis to  determine the scattering 
asymmetry.
3.5 Fourier Analysis
For polarized protons, the angular distribution, n(0,<f>), from the pC scattering is 
given by Equation 2-2. The measured distribution m ( 6 , <f>) is given by
m ( 6 , 4>) =  D{0 , <f>)n(6 , <t>) (3-17)
where D(0,<j>) is the detection efficiency of POM M E in the direction (6 ,<j>). In general, 
this detection efficiency depends on the locations where the particle hits each chambers. 
It is a function of the slopes of the particle trajectories both in the front and the rear 
chambers, as well as the coordinates of the pC interaction vertex.
D  — D(7Ylxj)TflyjiTnxr)7Tlyr)Xo)yo)Zo) (3-18)
To make m atters simpler, we assumed th a t D  is independent of the vertex coordinates. 
Since the incoming particle trajectories were almost parallel to each other, D  can be 
further simplified to
D  =  D{0,(j>)
as it appears in Equation 3-17.
During the experiment, the direction of the deuteron beam polarization was flipped 
between every burst and the emerging protons were measured at 0°. According to  this 
geometrical symmetry, the polarization direction of the detected protons should also 
alternate in a similar fashion. We labeled the sta te  with deuteron beam polarized in the 
upward direction as “sta te  2” , and the state  with beam polarization pointing downward 
as “s ta te  3” . Following this notation, we have
m 2( M )  =  D(9,4>)n2 (0,<j>) (3-19)
=  D{0,<f>)no^ {0)[ 1 +  Py,2Ac(0)cosd> -  PXt2 A c(6 ) sin 4>\,
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and
m 3 (6 ,<j>) =  £>(0,0 )nOi3(0)[l +  Pyi3 A c(9) cos <l> -  PXt3 A c( 6 ) sin <j>]. (3-20)
The beam intensities of the two states were very close to  each other. As the result, 
n 0>2 and n0>3 agreed with each other to  within a  few percents. The ratio  rj between them 
was calculated as
( 3 - 2 1 )
which was close to  1. For a given 0, if the detection efficiency, £>(0,0), was largely 
independent of <j>, such tha t
f  D ( 6 ,4>) zos 4>d<f> ~  0 (3-22)
J o
, 2tt
/  D{9,4>)s\n<j>d<j> ~  0,
J o
we had
,(») = (3-23)
J o  m 3 (e,d>)d<j>
tj(9) was then used to  re-normalize the distribution measured in sta te  3. The normalized 
distributions from the two states became
m 2(0, 0) =  £>(0, <j>)n0 >2 (9)[ 1 +  Py,2Ac(0) cos 0 -  Px<2 A c{9) sin <f>] (3-24)
m'3 (9,<j>) =  7?(0)m3(0 ,0) (3-25)
=  £>(0, 0 )n o,2(0)[ 1 +  Pyi3 A c(6 ) cos 0 -  PX$ A C{9) sin 0],
Notice tha t the factors outside the square bracket are the same for both states.
Finally, we calculated the ratio
n(g  m  -  ”* 2 (M ) -  t?(0 W M )  . .
m 4 > )  ~  (3 ‘26 )
\ { p v t  -  p v ,3 )M 6) cos 0 -  \{P x ,2 -  Px,3 )A c(6 ) sin 0  
1 +  \ { p va +  p yfi)A c[9) cos 0  -  \{P Xy2 +  Px,3 )A c(6 ) sin 0 '
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The proton polarizations of the two states were pointing into the opposite direction. 
This gave Py ,2  and P y<3 an opposite sign. The same thing was true for PX i2  and PXi3. If 
the magnitude of the polarization in the two states were similar, we had
(Py,2 + P y f l )  <  1 (3-27)
(Px,2 +  P«,3) <  1 (3-28)
W ith the value of A c{ 9 )  always less than 0.25 for this experiment, the expression became
R{0, 0) x  [i(Py. 2 -  P y J A c V )  cos 0  -  |(Px, 2 -  Px,3 )A c(6 ) sin 0]
x [l -  i(P y,2 + P y i3) A c( 0 )  cos 0  + |(P X,2 + P x , z ) A c{ 6 )  sin <f>]
= -  J[(P».a -  Pyfl)(Pya +  Py*) +  (P-.2 ~ Px.3)(P«,2 + Px,3)]Ac2(0)
+ ^(P y .2  “  P » ^ )^ e (« )  COS0
- ^ ( P x ,2 -  Px.3)Ac(e) sin0  (3-29)
- | [ ( P »,2 -  Py.3)(Py,2 +  P y ,3) -  (P r ,2 -  Px,3)(Px ,2 +  Pr,3M ( 0 )  COS20  
+  ^ [(Py,2 -  Py.3)(P r .2 +  Px,3) +  (Px,2 -  Px,3)(P „,2 +  Py,3)]4?(0) sin 20 .
If Fourier analysis is performed on R,  it will give
R ( 9 , 0) =  ao(0) +  a i( 8 ) cos 0  +  &i(0) sin 0  +  • • • (3-30)
By comparing the Equation 3-29 and 3-30, we have
®l(«) =  ^(Py.2 — Py,3)^c(^) (3-31)
=  P ,A e(fl),
=  - i ( P x , 2 - P x ,3M cW  (3-32)
=  - P X A C( 9 ) .
The coefficient a\ is the left-right asymmetry and bi is the up-down asym m etry of the 
pC scattering. Py (Px) is the magnitude of the average proton polarization projected 
onto the vertical (horizontal) direction.
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The main reason we calculated the variable R ( 6 , <j>) instead of applying the Fourier 
analysis directly to  the measured distributions 1712( 6 , <j>) and m z( 6 , 4 >) is to minimize the 
effect of the detection efficiency of POMME. This whole procedure works only if the 
conditions at Equation 3-22 are satisfied. If this is not the case, an unpolarized beam 
can be used to measure D ( 6 , <j>) experimentally. Unfortunately, we did not have tim e to  
do this measurement.
During the off-line analysis, the measured angular distribution of the proton-carbon 
scattering were divided into 60 bins over the whole 2 ir range of 4> for every one-degree 
of 0 from 1° to 25°. The number of counts in each bin was labeled as M ij( 6 {, tf>j) with
0, and <j>j being the angles in tha t bin. The ratio R ( 6 , <f>) in Equation 3-27 became
d (a. 4>j )  ~  Tl i ( 6 i ) M 3 ti j ( d i ,  4>j )
’j (  " $ l )  M u i (8u 4>j) +  V i i O i W z ^ i ,  f t )  (3 ' 3 3 )
with
(M 4 )
Fourier analysis was then applied to Rij by calculating
1 N
ao(*0  =  (3-35)
j = 1 
N
ai ( 6 i) =  - £ £ * « ( * , • ,* ; )  cos ^  (3-36)
3=1 
2 N
W  = j r  ^ 2  Rij( 6 i , <j)j) sin <j>j (3-37)
j =1
where N  is the number of bins in <f>. The statistical uncertainties are given by
tao(6 i) = (3-38)
i =1
N
= 4 [ E ( ^ o ) 2 cos2 ^ ] ?  (3-39)
i=i
6 bM )  =  ^ [ E ( ^ * i ) 2 sin2 (Ai]  ^ (3-40)
;=1
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proton beam energy proton polarization
(GeV) SD2 SD3
1.6 0.828 ±0 .015  0.868 ±0 .015
1.8 -0 .859  ±0.021 -0 .854 ±0 .013
Table 3-5: The proton polarization measured a t the two extraction ports, SD2 and SD3, 
during the double extraction verification procedure.
proton beam energy proton PP
(GeV) polarization analyzing power
1.6 0.834 ±0 .010 0.330
1.8 -0 .893 ±  0.013 0.300
Table 3-6: The measured proton beam polarization during the POMME calibration, 
where
(SRii)1 -  + M h i M u i )  (3'41)
3.6 Polarim eter Calibration
POM M E was calibrated a t both proton energies 1.6 and 1.8 GeV as part of the 
present experiment. The verification procedure described in Section 2.4 was performed 
at both energies. The results are given in Table 3-5. The values from the two extraction 
points were not inconsistent with each other.
After the verification procedure, SPES4 was moved back to 0° and the hydrogen 
target was removed. The system was then ready for the calibration of POMME. Un­
der the double extraction procedure, 95% of the proton beam was extracted at SD2 
and then transported onto a two-arm proton polarimeter where the beam polarization 
was measured. The results together with the pp analyzing power used are shown in 
Table 3-6. The remaining 5% of the proton beam was extracted a t SD3 and sent di­
rectly through SPES4 onto POMME where the pC scattering asymmetry was measured. 
Fourier analysis was carried out to the angular distribution of the proton-carbon scat­
tering a t POM M E as discussed in section 3.5. Since the polarization of the proton beam
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energy (GeV) carbon analyzer 
thickness (cm)
number of 
d ata  points
0.8 21.6 22
0.8 31.2 22
1.2 21.6 22
1.2 30.0 22
1.6 31.2 18
1.8 31.2 18
Table 3-7: The 124 point data  base used for the proton-carbon analyzing power param ­
eterization.
was lined up with the vertical magnetic field of the synchrotron Saturne II, the up-down 
asymmetry term , b%, in equation 3-32 was expected to be zero. The proton-carbon an­
alyzing power at POM M E was then given by
Ac{0i) = (3-42)
SD2
where P S D 2  was the proton polarization measured at SD2 .
POM M E had been calibrated previously for proton energies between 0.5 and 1.2 GeV 
[B+ 90]. The new results a t 1.6 and 1.8 GeV extended the calibrated range. A sixteen 
param eter least square fit was used to  represent the proton-carbon analyzing power 
of POM M E between 0.8 and 1.8 GeV. The da ta  set included in this fit are given in 
Table 3-7. It consists of four energies, six sets of data, a  total of 124 d ata  points. This 
fit took an analytical form of
nr
l  +  6r r +  cr4 +  dP sin(5(?) (3-43)
with
r = p sin 6  (3-44)
where p, in G eV/c, is the proton momentum at the middle of the carbon analyzer. The
quantities a, b, c and d are parameterized functions of the following forms:
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0 1 2 3
a 1.248 ± 0 .148 -0 .694  ±  0.339 1.931 ±0.620 -3 .3 9  ±1 .10
b 17.11 ± 3 .3 9 -10.83 ±  8.67 20.3 ±19 .8 -13 .6  ±28 .6
c 21.0 ± 3 0 .4 30.2 ±  53.2 -89 .8  ±66 .4 17.3 ± 210
d 0.0414 ±  0.0110 -0.0537 ±  0.0254 -0.1061 ±0.0457 0.2246 ±  0.0792
Table 3-8: The param eters for the analytical fit of the pC analyzing power.
a =  a0  + aip 1 +  a2 p' 2  + a3p ' 3
b = b0  + bip' + b2p ' 2 + b3 p ' 3  (3-45)
c =  c0 +  ci p' + c2 p ' 2 + c3 p' 3  
d = d0  + dip' +  d2 pn  + d3 p ' 3
with
p' = p - 1.9. (3-46)
The coefficients a,-, 6,-, c,- and d; with i =  0 ,3  are the sixteen param eters to be determined 
from the calibration data. The shifted momentum, p1, was used as the variable in the 
above equations because it centered at the middle of the valid momentum range of the 
fit and made the calculation of the 16 param eters converge faster. The best value we
found for the param eters are shown in Table 3-8. These param eters gave the POMME
analyzing fit a to ta l Chi-square of 161.84, or a reduced Chi-square of 1.50 per degree 
of freedom [TG92a]. The fit together with the calibration d a ta  are shown in Figure 3- 
12. The fit describes the d ata  very well. The pC analyzing power for proton energies 
between 1.0 and 1.8 GeV were calculated based on this fit and the results are shown in 
Figure 3-13. The analyzing power is around 0.21 at 1.0 GeV. It decreases smoothly as 
the energy increases, and becomes about 0.11 at 1.8 GeV.
Besides the analyzing power, the figure of merit is also a very im portant quantity of
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Figure 3-12: The overall fit of the da ta  base for the pC analyzing power.
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Figure 3-13: The pC analyzing power fit between Tp=1.0 and 1.8 GeV.
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a  polarimeter. It is given by
F  = J J  e(0> 4>) A 2 {0 ) c o s 2 <[> d9 d<f>, (3-47)
which is integrated over the solid angle sustained by the device. A{9) is the analyzing 
power and e(0 , 4>) is the polarimeter efficiency defined by
* ( » ,«  =  P -48)I’ inc
where m(0,4>) is given in Equation 3-17 and JV,-nc is the number of incoming protons in 
POMME. Assuming the detection efficiency D  is independent of <j>, one has
e{6 ,4>) =  e 0 {9) [1 +  PyA c{6 ) cos <£]. (3-49)
The figure of merit becomes
F  = J  e0 (9) A 2 (9) d9 j [  1 +  PyA c{9) cos <j>] cos2 <f> d<p. (3-50)
For a simple two-arm, left-right polarimeter, one has
F  = 2 kt}> J  eo(0 ) A 2 (0 ) d9
=  j e LR { 9 ) A 2{9)d9  (3-51)
with
eLR(0) = 2 &f>e0 (9), (3-52)
where Acj> is the angular width of the detectors.
For a 27T polarimeter like POMME, the figure of m erit is given by
r2 v
F  =  J  e 0 ( 9 )  A 2 ( 0 ) d 9  J  [I + P y A c ( 9 )  cos <f>] cos2 <j>d<t> 
=  7r J  e o ( 0 )  A 2 ( 0 )  d 9
=  l- j  £ 2 v { 9 ) A 2{ 9 ) d 9  (3-53)
with
£2,(0) =  27T£O(0). (3-54)
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TP
(GeV)
•V,’nc
xlO 6
Figure of 
merit 
xlO -4
Absolute
polarization
uncertainty
1.05 1.77 25.0 0.015
1.14 1.83 19.5 0.017
1.24 2.28 12.2 0.019
1.35 1.81 14.2 0.020
1.47 2.19 13.0 0.019
1.59 2.95 11.1 0.017
1.72 4.22 8.0 0.017
1.84 2.92 5.1 0.026
Table 3-9: The figure of merit of POM M E and the estimated statistical uncertainty of 
the measured proton polarization.
The absolute statistical uncertainty on the polarization measured by a polarimeter 
is simply given by
So, the figure of merit is a  very im portant quantity to  determine the number of events 
one has to  acquire during the experiment so as to  achieve a particular absolute uncer­
tainty for the polarization. The values of F  a t different data  points together with the 
corresponding absolute polarization uncertainties calculated by the Equation 3-55 are 
given in Table 3-9. These estim ated statistical errors agree very well with the results 
obtained from the complete error analysis which are shown in Table 3-10.
A very im portant aspect of F  is th a t its value depends not only on the hardware of 
the polarimeter, but also on the way the “useful” events were selected. Those events 
are used to  determine the efficiency e.
3.7 Polarization Transfer
3.7.1 Proton Polarization
During the polarization transfer experiment, a 2.1 GeV vector polarized deuteron 
beam was directed onto a  4cm thick hydrogen target. The deuterons broke up at
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the hydrogen target and the emerging protons were detected at 0°. The momentum 
and polarization of the protons were measured. Eight da ta  points were obtained with 
detected proton momenta between 1.75 and 2.61 GeV/c. The detailed discussion of the 
experimental set-up can be found in Chapter 2 .
The polarization axis of the deuteron beam was in the vertical direction. The emerg­
ing protons measured at 0° were expected to also have their polarization in the vertical 
direction. For each da ta  point, the angular distribution of the protons were Fourier an­
alyzed as described in section 3.5. For the present experiment, the coefficient of the  sine 
term, bi(0 i), form the analysis should be very small when compared with the coefficient 
of the cosine term , ffli(0,).
The proton polarization is given by
and horizontal axis, respectively. Beside the asymmetries, ai and b\, we need to  know 
the analyzing power, A c, in order to  find the polarization.
For every d a ta  point, the momentum distribution of the protons was calculated with 
the help of the transport coefficients of SPES4 as described in Section 3.3. The norm al­
ized momentum distribution, f(p ) ,  of the proton momentum was used to  calculate the 
effective analyzing power as
ai(0«) =  PyA c( 6 i ) (3-56)
bi(6 i) = - P x A c(6 i) (3-57)
where Py and Px are the projections of the measured proton polarization on the vertical
f rtf- |
c (0 .)=  I  I 2f (p )A (0 ,p )d ed p  J J$i -
(3-58)
with
J  f ( p ) d p =  1 . (3-59)
p  is the proton momentum at the middle of the carbon block. A 6  is the bin width of 0 , 
which was chosen to  be 1°. A(0,p)  is the analytical fit of the analyzing power discussed
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in section 3.6.
For every degree of 6 , the proton polarization was calculated as
(Py)i
(P*)i
with the error bars
A c ( 0 i )
bi(0 j)
M W
dai(g.)
A c ( 0 i )  
M i(f t )
(3-60)
(3-61)
(3-62)
(3-63)
A e(ffi) '
where 6 a\ and 6 b\ are given by Equation 3-39 and 3-40, respectively. The results from 
one of the d ata  points are shown in Figure 3-14.
Finally, the weighted averages were calculated for 6  between 3° and 20° as
Py =
Pr =
E 20 1
•'=3 WJp^W
*->20 (Pi)i
‘~3
E 20 1
*=3 I « ( W
(3-64)
(3-65)
with the corresponding error bars
S P y  =
6 PX =
E20 i1=3
(3-66)
(3-67)i *->20 1
\  ,=3 I T O F
The results are summarized in the table 3-10. As the results indicate, Px is indeed 
compatible with zero to within the error bars. The magnitude of the average proton 
polarization is given by
Pp =
2  , p 2v T r x (3-68)
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Figure 3-14: Py and Px of the data point with SPES4 setting of 1.75 G eV /c. The solid 
lines are the weighted average.
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p / z  setting Ppjab 
(GeV/c) (GeV/c)_________^ _____________ h
1.75 1.756 0.601 ± 0.015 0.009 ± 0.015
1.85 1.840 0.599 ± 0.017 0.010 ± 0.017
1.97 1.962 0.608 ± 0.019 -0.015 ± 0.019
2.09 2.084 0.535 ± 0.020 0.019 ± 0.020
2.22 2.220 0.330 ± 0.019 -0.000 ± 0.019
2.35 2.355 0.122 ± 0.018 0.013 ± 0.018
2.49 2.496 -0.116 ± 0.017 0.017 ± 0.017
2.61 2.602 -0.193 ± 0.026 -0.023 ± 0.026
Table 3-10: The measured proton polarization for each data  point.
3.7.2 Polarization Transfer Coefficient
The polarization of a  particle beam from an ion source always has an axial sym­
metry because of the magnetic field present in the polarized source. Four quantities 
are needed to  describe such a  deuteron beam: two angles to  determine the direction 
of the quantization axis in space, as well as the vector polarization Pz  and the tensor 
polarization P z z  of the beam. For the experiment discussed here, the polarization axis 
is in the vertical direction. The two polarizations, in term s of Cartesian tensors, are 
given by:
*  3 <3'69>
3  (3-70)
where n +,n ~ ,n °  axe the number of deuterons in the magnetic sub-state with m z =  
1 ,—1,0. The deuteron beam in this experiment was purely vector polarized w ith no 
tensor component in it. Under this condition, the maximum possible magnitude of the
vector polarization is 2 /3. It is accomplished by having either (n + =  2/3 , n~ =  0, n° =
1/3), or (n+ =  0, n~ = 2/3, n° = 1/3).
The polarization transfer coefficient, k , is defined by
Pr,K =
Pz'
(3-71)
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measurement asymmetry, X
1 0.2135 ±0.0150
2 0.2143 ±  0.0054
3 0.2216 ±  0.0058
4 0.2180 ±  0.0068
5 0.2191 ±  0.0064
Table 3-11: Asymmetry measurements form the Deuteron Beam Polarimeter.
where Pp is the proton polarization measured with POMME. In the special case of this 
experiment where P z z  =  0 , we then define
«• S  l - w -  • <3' 72>
As demonstrated in Appendix A, the relationship between k  and k 0 is given by
« = ------------- , (3-73)
l - | T 20p2o
where p2o and T2o are the tensor polarization and analyzing power in spherical tensors 
representation, respectively. As also pointed out in Appendix A, k0 and the coefficient 
/CjJ7 defined in the review by Ohlsen [Ohl72] are related by
K0 =  \ l $ .  (3-74)
The deuteron beam polarization was measured five times through out the experiment 
as described in Section 2.5. The intensity of the beam reaching the deuteron polarimeter 
DBP was adjusted by means of a  filter. The typical averaged count ra te  on both the left 
and the right silicon detectors of the polarimeter was about 15 counts per beam burst, 
with the beam burst duration of about 1ms. The results of the five measurements 
are given in the Table 3-11. Those results have been corrected for the dead-time of
the system as described in Appendix B. The weighted average of the five left-right
asymmetry measurements, X ,  was found to  be
X  = 0.2179 ±0.0029 (3-75)
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Figure 3-15: Measured beam vector polarization. The solid line is the weighted average. 
The dashed line is the theoretical maximum polarization (2 /3) from the ion source, 
Hyperon.
The deuteron polarization is given by
P z = (3-76)
J a d b p
The value of A DBP used in this analysis was 0.2393 ±  0.0049 which was slightly higher 
th a t the 0.2234 ±  0.0046 published value by J. Arvieux, et al. [A+ 88]. The 7% increase 
in value was due to the dead-time correction and is explained in Appendix B. As
shown in Figure 3-15, the deuteron beam polarization was very stable through out the
experiment. The average deuteron beam polarization was found to  be
Pz  =  0.607 ±  0.015 (3-77)
W ith the beam polarization and the result of the proton polarization measurements 
given in Table 3-10, the polarization transfer coefficient, k0, was calculated and the
Pmtan
(GeV/c) «0 f)K0
1.756 0.995 0.025
1.840 0.992 0.028
1.962 1.007 0.031
2.084 0.885 0.033
2.220 0.547 0.031
2.355 0.202 0.029
2.496 -0.191 0.029
2.602 -0.320 0.044
Table 3-12: Polarization transfer coefficient,
results are shown both in Table 3-12 and Figure 3-16
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Figure 3-16: Polarization transfer coefficient, k0.
Chapter 4 
Results and Discussion
In this chapter, the non-relativistic two-nucleon deuteron wave function will be in­
troduced. Then, the simple relationship between the polarization transfer coefficient, 
k0, and the deuteron wave function will be derived based on the impulse approximation 
and the proton spectator assumption. The deviation between the experimental result 
and the impulse approximation prediction will be discussed and possible interpreta­
tions of the discrepancy will be given. Finally, the relativistic effects, affecting both  the 
deuteron wave function and the interaction process, will be mentioned briefly.
4.1 Non-relativistic Deuteron Wave Function
In a non-relativistic model, the deuteron is made up of a proton and a neutron
except for small N N *  and A A  contributions. As mentioned in Chapter 1, the deuteron
is a  spin-1 particle in a two-nucleon isospin-singlet state. In general, its wave function 
can be written as:
=  c+®+(*D +  c0$ 0(r) +  c_W_(r) ,  (4-1)
where
c+ =  < >
c0 =  < » 0| *<<> (4-2)
c_ =  < ® _ |  '$d>
and
c% +  c20 + c2_ = 1 (4-3)
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$ + , $0  and $ _  axe the deuteron wave functions with spin projection onto the  quanti­
zation axis equals to  + 1 , 0 and -1, respectively.
The wave function of the deuteron is the product of a  radial p a rt, an angular orbital
part and a  spin part. The dominant part of the orbited deuteron wave function is the
5-sta te  with L  =  0. There is also about 6% of D-sta te  (L  =  2) present in the deuteron. 
The configuration space wave function of a deuteron with spin in +  z  direction (the 
“spin up” state) is then given as
» + m  =  -  \ f ^ Y } & + ^ V )  ( « )
The numerical factors above are the Clebsch-Gordan coefficients and Ylm(Q, 4>) are 
spherical harmonics functions. U (r) /r  and W (r) / r  are the radial wave functions of the 
deuteron for the 5  and D  states, respectively. The spin wave functions, £” *, of a  spin 
triplet proton-neutron system are given by
£l =  &pa n
& = ^= (ap/3n + /3pan) (4 -5 )
£l 1 =  /^ p/^ n>
where a p(an) are the spinors for proton(neutron) spin-up state. Similarly, fi is the 
spinor for the spin-down state.
The wave function in Equation 4-4 is written in configuration space (r, 0 ,  $ ) . The 
same function can also be expressed in momentum space (&, 0 , $ ), where k is the 
momentum of the nucleon with respect to the c.m. of the nucleus. The orbital and 
spin dependence of the wave function are the same in both spaces. The position- and 
momentum-space wave functions are related by the Fourier transforms:
u(k ) =  \ / | /  ^ i o ( f c r )  r2 dr /  u(k )j0(k r ) k 2 dk ^
w (k ) =  \ / ¥ /  (fcr) r2 dr I  w (k ) h ( k r ) fc2 dk
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The jo(fcr) and j i ( k r )  axe spherical Bessel functions given as:
. . .  sin®
M * )  =  ——  x
. . .  s in x  cosx
J i ( x )  = — 2--------—  (4-7)
X* X
J2(*) = (^3 “  Sm * “  ^2 C° S X 
The “spin up” wave function in the momentum space then becomes
« + ( * )  =  u ( k ) Y 0° t ; l  +  w ( k ) ( J ± Y ? t \  -  +  \ J y o Y ^ i 1 )  ( 4 - 8 )
Similarly, one has
^o(fc) =  u(k)Y0° e i + + V ^ V )  (4-9 )
*_(*) = u(k)Y±U;1 + H k ) ( ^ Y f > e i - ^ Y f ' e i + J ± Y 2° Z ')  (4-10)
Substituting Equation 4-8, 4-9 and 4-10 into Equation 4-1, Wd becomes
A polarized deuteron beam can then be described as an ensemble of deuterons in the 
“spin up” , “spin 0” and “spin down” states with the corresponding fractional population 
°f V+j Vo and 77! ,  respectively, with
V+ +  Vo +  v i =  1- ( 4 - 1 1 )
As discussed in Appendix A, the vector and tensor polarization of the deuteron beam 
axe given by
Pz =  7l l - V - ,  (4-12)
Pzz  = V+ +  V -  -  2t?o> (4-13)
respectively.
4.2 Proton Spectator Approximation
For the deuteron breakup reaction 1H (d ,p )X  with the outgoing protons detected 
a t 0°, the cross section of having the scattered proton with m omentum fc is given by
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Equation A-12 in Appendix A as
*(*) =  ffo(*)[l -  \ P z z A „ ( k ) ] .  (4-14)
The simplest mechanism for this reaction is the impulse approximation (LA) in which the 
hydrogen target interacts with the neutron inside the deuteron nucleus, through both 
elastic or inelastic scattering. When enough energy is being transferred to  the neutron, 
the deuteron is broken up. Meanwhile the proton remains as a  spectator of the breakup 
process and does not get involved in any interaction. Since the deuteron has a small 
nuclear binding energy of 2.2 MeV, the bound proton is close to  its mass shell before 
the deuteron breakup. Based on the impulse approximation and the assumption of 
proton spectator, one expects that the characteristic of the protons, such as polarization 
and momentum distribution measured in this experiment, to  be about the same as 
they were inside the deuteron nucleus prior to  the reaction. The LA and the proton
spectator mechanism enable us to directly relate the measured proton characteristics to
the deuteron wave function.
In the experiment, the incident deuteron beam had its polarization in the vertical 
direction, which is perpendicular to  the direction where the protons were detected. 
This results in restricting 0  =  vr/2 for the spherical harmonic Ylm(Q, $ )  in the deuteron 
wave function in the LA calculation. Notice th a t 0  and $  axe coordinates in the beam 
polarization frame which are different from the coordinates in the lab frame, (6,<f>). The 
relationship between the two frames is given in Appendix A.
Under the LA, the invariant cross section for a deuteron breakup in its rest frame 
with a  proton having momentum k and emerging a t 0 =  0° can be w ritten as
2 )
[«(* -  * 0) +  6(*  -  (jt +  #„))] dSl (4-15)
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where Ek  is the energy of the proton with momentum fc,
E k =  J k 2 +  m2. (4-16)
The value of $ 0 is arbitrary, and [o,] ^ al is the to tal cross section for the np scattering. 
Substituting the deuteron wave functions from Equation 4-8, 4-9 and 4-10 with 0  =  it/ 2 
into Equation 4-15, one obtains
E *d a  _  („]total E k  rr..2„2 , ...2/ 1 „2 , 9 „2 ) u w  „2 l t l e l  *
+[uWo + u \ \ n l )  +  V i u w r f o t S S '
+[u2T)l + w2(^T)l + i r£ ) - 7)1}
=  w r i t - 8 + " * )p  - ~w?  x - 4 + v -  -  )• < « ?)
For a  unpolarized beam with T)\ =  r\t =  rj2 -  1/3) the invariant cross section is given 
by
+ (448)
Equation 4-17 can then be rewritten as:
d a  d a .  . I 2 y / 2 u w - w 2 . . . .
d k  ~  4  u 2 +  w 2 } P z z \ '  (4 ' 19 )
Comparing Equation 4-19 with Equation 4-14, one has
=  (4-20)
ul  + wi
or in spherical tensor representation
r !0 =  ^ r - f . (4-21)
V 2  v ?  +  w *
Similarly, the cross section for having a spin-up proton being measured in the final 
s ta te  a t 0° is given by
+ \  W o  + ™2( \ v 2o) +  V 2 u w V20}}. (4-22)
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The corresponding cross section for having a spin-down proton is
E k d a i  r - t f o t a l E k  r r . .2 _ 2  , , 1 _ 2 \  u u , „ 2 i
■ f c W  -  ^ { [ U  V - + W  ( g H +  +  P - )  -
+ \ [ u 2vl + u > \ \v l )  + V2uu’vl]}- (4-23)
The proton polarization measured in this experiment is then given as: 
n  fi.\ doy/dk  -  d a j d k
rp{lc) ~  dFJdk
( u 2 -  wi  -  uw/y/2){ift  -  rjj)  .
(u2 +  to2)( l -  \ P z z A zz)
We define the ratio  between Pp and P z  to be the polarization transfer coefficient k, 
such th a t
^
_  u2(k) -  w2(k) -  u(k)w(k)/^/2  . .
(u2(k) + w 2( k ) ) ( l - \ P Zz A zz(k )Y  V '
For the present experiment, the deuteron beam was purely vector polarized with P z z  =  
0. So we have
K0(k)  =  K(k)\Pzzm0
u2(k) -  w2(k) -  u(k)w(k)/y /2  .
u2(k) + w2(k) '  ^ '
As dem onstrated in Equation 4-26, if the deuteron wave functions, u(k)  and w(k),  
are given, the polarization transfer coefficient n0(k) can be calculated in the impulse 
approximation.
There are many non-relativistic deuteron wave function such as Reid [Rei68], Paris 
[L+ 80], Moscow [K+85], Amsterdam [DB89] and Bonn [Mac89]. Those wave functions 
are very similar to  each other in the region where k is less th an  300 MeV/ c. The Paris 
wave function was chosen as the basis to  calculate k 0 in this thesis. Predictions based 
on other wave functions can be found in E. Cheung et al. [C+ 92].
In th e  Paris NN potential, the long and medium range nucleon-nucleon force is 
derived from 7rN and jr7r interactions, which include the one-pion-exchange (x), cor­
related and uncorrelated two-pion-exchange (2tt), and w-exchange (w) contributions. 
This long and interm ediate range potential is cut off ra ther sharply a t an inter-nucleon 
distance of ~  0.8 fm and the short range interaction is described simply by a  con­
stant soft core determined phenomenologically by fitting all the known phase shifts 
(J  < 6 ) up to  300 MeV and the deuteron parameters. The deuteron wave function of 
the Paris potential reproduces the low energy properties and the electromagnetic form 
factor A (q2) of the deuteron. The predicted value of the asymptotic D- to  S-wave ratio, 
jj, is 0.0268, in excellent agreement with the high precision measurements of Refer­
ence [L+ 80], 0.0259 ±  0.0007, and Reference [G+80], 0.02649 ±  0.00043. The numerical 
solutions for both the u and w wave functions are given in the reference by M. Lacombe 
et al. [L+81].
Before any comparison between the experimental results and the prediction can be 
made, there is one obstacle which has to  be overcome. It is the question of how to  
relate the  measured proton momentum, pp, to the internal momentum, fc, of a  nucleon 
inside th e  deuteron nucleus. Taking the point of view of the impulse approximation and 
proton spectator breakup process, the momentum pp can be Lorentz transformed to  the 
deuteron rest frame by
9 =  7 (P p - /* £ P)
E P =  sjp2 +  m j,  (4-27)
where m p is the rest mass of the proton. The momentum q is the proton momentum in 
the deuteron c.m. frame. W ith the incident deuteron beam kinetic energy of 2.1 GeV, 
the values of 7  and /3 are given by
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Pp
(GeV/c)
?
(GeV/c) «0
1.756 0.001 0.995±0.025
1.840 0.040 0.992±0.028
1.962 0.094 1.007±0.031
2.084 0.146 0.885±0.033
2.220 0.201 0.547±0.031
2.355 0.254 0.202±0.029
2.496 0.307 -0.191±0.029
2.602 0.346 -0.320±0.044
Table 4-1: Polarization transfer coefficient for different values of q.
0  = -^r =  0.8817 (4-28)
Ed
where m j, Ed and pd are the rest mass, lab. energy and momentum of the incident 
deuteron, respectively. If we further assume tha t the proton is on its mass-shell both
before and after the breakup, the momentum q  is in fact the internal momentum k  and
/
we have
q =  k  . (4-29)
This assumption seem to be reasonable for small value of k  since the deuteron has a 
very small nuclear binding energy.
4.3 Interpretations
4.3.1 Non-relativistic view
The results of the measurements of k 0 at different values of q  are given in Table 4-1. 
The da ta  are compared with the IA prediction based on the expression of Equation 4-26 
in Figure 4-1. The Paris wave function was used in the calculation. The IA calculation, 
shown as a  solid line, describes the general trend of the data. It predicts the d a ta  very 
well for q  less than  100 MeV/c. This result confirms that q  =  k  is indeed valid when
k  is small. For q  greater than 100 M eV/c, the magnitude of k 0 is smaller th an  the
prediction. It is interesting to  note th a t the impulse approximation does predict quite
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well th a t k 0 becomes 0 a t q  around 300 M eV/c.
The discrepancy between the d ata  and the IA calculation can be due to  a number 
of sources. Some of the most obvious ones are:
i the wave function used for the calculation is not “accurate” enough,
ii contributions from processes other than  impulse approximation such as mul­
tiple scattering, final states interaction and pion production are not negligi­
ble, or
iii the assumption th a t q  =  k  is invalid for k  larger than 100 M eV/c and a 
different procedure to  determine the internal momentum k  is needed in this 
region.
These possibilities will be examined briefly in the following paragraphs.
The long and medium range parts of the Paris potential are in good agreement with 
the experiment down to  0.8 fm [L+80]. This indicates th a t the wave function itself 
should be accurate up to  a t least k  =  250 MeV/c. Another concern is the off mass-shell 
effect of the bound nucleons. In the deuteron rest frame, the nucleons have an average 
energy of half the deuteron mass, m j. At a momentum of 250 M eV/c, the invariant 
mass, m x , of the bound nucleon is given by
/TmTTI 725077
”*■ = V(T> <—>
=  90 4 M e V /c2 (4-30)
This gives an  off-shellness of 34 M eV/c2 or 3.6% of the proton rest mass.
In figure 4-2, the result of the T20 measurement at Saclay [PP90, P +89] in the 
reaction xH (d,p)X  at 0° shows th a t the proton spectator approximation describes the 
d a ta  really well when q is below 200 M eV/c. Furthermore, for the inclusive deuteron 
breakup reaction 1 H( d, p  )X , the measurement of the invariant cross section, as shown
85
in Figure 4-3, agrees also very well with the IA, indicating th a t the proton spectator 
process is the  dominating mechanism.
Based on the expressions given by Equation 4-21 and 4-26, the relationship between 
k0 and Tao is governed by an equation of a  circle [KPS93],
(k0)2 +  (T20+ ^ ) 2 =  ( ^ ) 2. (4-31)
This equation does not depend on the deuteron wave function. I t is a  direct consequence 
of the  impulse approximation. As shown in figure 4-4, the da ta  are close to  the  circle 
when q is less than  100 MeV/c. The data with larger q values tend to spiral inwards 
away from the circle. All three observables, k0, T2o and the cross section, indicate that 
the IA works very well a t small q.
On the other hand, it is known that there are also contributions from processes 
other than  IA. For instance,the measured proton can originate from the unpolarized 
hydrogen target instead of being stripped from the deuteron beam particle. This would 
certainly reduce the magnitude of the measured proton polarization, and k0 as well. 
Many sophisticated and systematic studies of the breakup reaction mechanism other 
th an  impulse approximation have been done by a number of authors. They included 
the effect of the target [Mul91], the role of particle production processes [Mul90], the 
final state  interactions and the re-scattering of the proton [PP90, DL90].
In the study by Perdrisat and Punjabi [PP90], all one- and two-step nucleon-nucleon 
interactions were taken into consideration. In the frame work of the Feynman diagram 
approach, there are two diagrams for the one-step process and four for the two-step 
process. Inelastic processes leading to  meson production were excluded from the  calcu­
lation. The six Feynman diagrams are shown in Figure 4-5. Non-relativistic deuteron 
wave functions were used. The only relativistic effect taken into account was the Lorentz 
transform ation between different frames.
The result of this multiple scattering calculation for k0 is shown in Figure 4-6 as the
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Figure 4-1: Impulse approximation calculation for k0 using the Paris wave function.
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Figure 4-2: Impulse approximation calculation for T2o using the Paris wave function. 
The d a ta  are from Reference [PP90] and [P+ 89],
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Figure 4-3: Impulse approximation calculation for tlie invariant cross section using the 
Paris wave function. The d ata  are from Reference [PP90] and [P+89].
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Figure 4-5: The six Feynman diagrams for the non-relativistic multiple scattering cal­
culation. p' is the proton from the target.
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dashed line. The IA calculation (solid line) using the Paris wave function is also shown 
for comparison. The agreement between data  and prediction improved for q between 0 
and 200 M eV/c with the new calculation. Unfortunately, the disagreement grows when 
q is larger than  200 M eV/c. The results of the T20 measurements of the breakup reaction 
from References [PP90] and [P+89] are given in Figure 4-7. The same calculation for 
T20, shown as the dashed line, gives similar results. The agreement improves for small 
values of q, but gets worse when q becomes large.
The discrepancy is not a  surprise since there is no particular reason th a t this non- 
relativistic calculation should work in the higher momentum region. In evaluating the 
double-scattering Feynman diagrams, an integration over the internal loop is performed. 
This integral involves high momentum components of the deuteron wave function as well 
as some high energy np  and pp interaction vertices. Those high momentum wave func­
tions correspond to  the short-range interaction potential. They are determined only 
phenomenologically in the Paris wave function and have some uncertainly in them ­
selves. Furtherm ore, as quoted from one of Richard A rndt’s articles [Arn88] “studies 
indicate th a t throughout the 550 to  800 MeV domain the np interaction remains essen­
tially undefined [by the data]” . This certainly limits the accuracy of this non-relativistic 
Feynman diagram approach calculation. Nevertheless the prediction does give a satis­
factory overall description of the data.
Finally, the question of how to define the internal momentum should be studied 
more closely. The q = k  relationship in Equation 4-29 rests on the assumption th a t 
the proton is on the mass-shell all the time even when it is bound inside the  deuteron 
nucleus. It is a good approximation when k is less than 100 MeV/c.
In the  deuteron rest frame, the two nucleons have equal but opposite momenta. The 
conservation of energy requires th a t the sum of their energies be equal to  the  deuteron
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Figure 4-6: Non-relativistic multiple scattering calculation for «0 using the Paris wave
function (dashed line). The solid line is the IA prediction.
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Figure 4-7: Non-relativistic multiple scattering calculation for T20 using the Paris wave
function (dashed line). The solid line is the IA prediction.
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rest mass, m i.  Together with the “proton always on-shell” condition, one has
E p =  y/m* +  A:2 (4-32)
JE/yi — wijf Ep
=  \ / m n 2 +  ^ 2 > ( 4 ‘ 3 3 )
where m* is the off-shell neutron mass. It is interesting to  note th a t under this as­
sumption, only the neutron is off-shell. It also always has less energy than  its partner, 
the proton. As the value of k becomes larger, the uneven share of energy gets worse. 
Since the two nucleons are the same particle, only in difference isospin states, there is no 
particular reason to  favour one over the other. It is unlikely th a t this energy imbalance 
situation is real. Of course one can always argue th a t the deuteron breakup only hap­
pens when the proton spectator is on-shell. So, the deuteron nucleus does not have an 
intrinsic energy imbalance between the two nucleons. Only the breakup reaction itself 
extracts th a t special portion of the wave function with the proton on-shell. This argu­
ment sounds possible but highly unlikely. For instance, if enough energy is transferred 
from the target to  the neutron, there is no reason th a t the deuteron should not break 
up only because the proton is off-shell. It is safe to  conclude th a t the “proton always 
on-shell” model has to  be replaced by some more realistic models when k is large.
One possible solution to  this energy imbalance problem is to  put both  the proton 
and the neutron off-shell and to trea t them on an equal footing. By doing so, some kind 
of interactions have to  be introduced to  bring the proton from off-shell to  on-shell before 
it can be measured in the lab. This means the proton spectator condition no longer 
holds and the simple relationship between k0 and the deuteron wave function given in 
Equation 4-26 is lost. One way to  preserve the proton spectator condition is to  put 
both nucleons on-shell. But it will violate the energy conservation since E n + E p > m i  
in this case. It looks like there is no simple solution to  this problem.
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4.3.2 Relativistic Effect
So far in this discussion, the only deuteron wave function employed is non-relativistic. 
It seems logical to  take relativistic effects into account to have a more complete picture 
of the breakup reaction. The relativistic aspects of the wave function are of principal 
importance when the high momentum region of the constituents is analyzed in the 
deuteron rest frame, or when the reaction is described in a  frame of reference where 
the deuteron is travelling a t a  speed close to  the speed of light. Unfortunately the 
problem of the relativistic description of the deuteron is not uniquely solved. Different 
procedures of relativisation result in different predictions.
There are two main different approaches to  deal with the relativistic theory of a  com­
posite system. The first one is based on the summation of a  class of perturbation theory 
diagrams. This approach is based on the field theory which is assumed to  describe the 
physics. The other m ethod is to  find a  way to  boost amplitudes calculated in one spe­
cial frame to  an arb itrary  frame. It is a phenomenological approach which is not guided 
by the fundamental quantum  field theory or standard model. Any ambiguities aris­
ing from this approach can only be resolved through comparison of model calculations 
with the data. The advantage of this approaches is th a t the issue of Lorentz covari­
ance is separated from the  dynamics, so tha t any phenomenological, non-relativistic, or 
semi-relativistic calculation can be used.
In the field theory approach, one usually solves a Bethe-Salpeter type equation. 
It involves finding the appropriate propagator, G, describing the propagation of two 
nucleons, and the potential, V , which includes the Feynman diagrams th a t describe 
the interaction. A good example of this approach is given by Gross et. al. in Refer­
ences [BG79] and [GOH92]. They used a  propagator which restricts one nucleon to  its 
mass shell. One-boson-exchange (OBE) was used to describe the interactions. The re­
sulting relativistic deuteron wave function (Gross wave function) has four components;
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in addition to  the familiar 5  and D  states, there are two small P  s ta te  components, v< 
and va (for spin-triplet and -singlet), which play a  role similar to  the small negative- 
energy components of the Dirac wave function of the hydrogen atom . It should be 
pointed out th a t in Gross’s approach, the wave function is defined in such a  way th a t 
the radial wave function of the S  and D  states in the momentum space have a  relative 
sign th a t  is opposite to  the same relative sign in the Paris wave function. We chose to  
adopt the sign convention of the Paris wave function in this dissertation to  keep the 
discussion more consistent.
The relativistic deuteron wave function can be w ritten in general as
^ef, rci = {3S i}part  +  {3 D e p a r t  + {3 P o p a r t  +  { ' P o p a r t
=  w(?)x3Sl +  w (?)x3Dl +  vt(q)x3pi +  «*(?)xl n  (4-34)
where x  contains the spin and angular wave functions. The wave function is normalized 
according to
k 2 d k [ u 2( k )  - f  w 2( k )  +  vt  2(k) +  v ,  2(/i)] =  1 . (4-35)/JoJ
Using the proton spectator approximation and the impulse approximation, described in 
Section 4.2, together with this relativistic wave function, one can find the new relation­
ships between the wave functions and the polarization observables, k0 and Tm.
0 U2 +  V)2 + Vt 2 + V ,  2
1 2v5m u -  w2 + vt 2 -  2v„ 2 fA
120 ~  V 2  u2 + w2 + vt 2 + v , 2 { V
The new relativistic IA predictions for k 0, T2 0  and the invariant cross section are
compared with the d a ta  from this experiment and Reference [PP90] in Figure 4-8, 4-9
and 4-10, respectively. The dashed lines are the predictions based on the relativistic
wave function from Reference [BG79] (with A =  0.2). The IA predication from the  Paris
wave function are also shown as the solid lines for comparison. Since the S  and the  D
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states of the Gross wave function are very similar to  the non-relativistic Paris wave 
function and the two P  states are relatively small, the new IA results show relatively 
little difference from the calculations based on the non-relativistic wave function. This 
demonstrates th a t the relativisation of the deuteron wave functions in the c.m. frame 
alone does not account for all the discrepancies between the IA predictions and the 
data.
The second popular m ethod to  handle the relativistic effect of the few-body sys­
tem is by using the time-ordered perturbation theory in the infinite momentum frame 
(IMF). In this approach, the amplitudes of the time-ordered diagrams of the reaction 
are calculated in a  special fram e travelling a t the speed of light in a direction opposite 
to the observed constituent. In this frame, the momenta of the particles are infinite, 
thus providing the name, infinite momentum frame, for this approach.
For each Feynman diagram of order n (with n vertices), there exist a corresponding 
n! time-ordered diagrams. In Figure 4-11, a Feynman graph of 3 vertices and its 6 
corresponding time-ordered graphs are shown. The direction of time flows from left to  
right for the time-ordered graphs. In the IM F, only those time-ordered graphs with at 
least one particle line from the  past and at least one line towards the future at each vertex 
can have a  non-zero amplitude. All the other graphs are suppressed in this frame. It is 
one of the advantages of using the IM F over the field theory Feynman diagram approach 
since only a  fraction of all the time-ordered graphs need to  be calculated. In the example 
given in Figure 4-11, the three time-ordered graphs, (d), (e) and (f), are suppressed in 
the IM F. Only three graphs out of all six have contributions to  the reaction.
There is one problem which needs to  be solved before applying the IMF approach 
to the deuteron breakup reaction. It is the question of how to write down the deuteron 
wave function, WIMF, in the infinite momentum frame. Unfortunately, up to  now there 
is still no unique way to  do it. In general, the t , MF is being expressed in a form th a t is
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Figure 4-8: Relativistic impulse approximation calculation for k0 using the  Gross wave
function (dashed line). The solid line is the non-relativistic IA prediction using the
Paris wave function.
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Figure 4-9: Relativistic impulse approximation calculation for T 2 0  using the Gross wave 
function (dashed line). T he solid line is the non-relativistic IA prediction using the 
Paris wave function.
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Figure 4-10: Relativistic impulse approximation calculation for the invariant cross sec­
tion using the Gross wave function (dashed line). The solid line is the non-relativistic
IA prediction using the Paris wave function.
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Figure 4-11: A Feynman diagram with 3 vertices and its 6 corresponding time-ordered 
diagrams.
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dosely related to  the non-relativistic deuteron wave function, such as the Paris or the 
Bonn wave functions.
In Reference [DL92], Dorodnykh and Lykasov calculated the invariant cross section 
and the polarization observables for the deuteron breakup reaction with an outgoing 
proton a t 0° using the IM F approach. First, the wave function ^  IMF was expressed in 
the following form:
2( * w )  (4-38)
where is the non-relativistic deuteron wave function. Both a  and kIMF are new
variables defined as
a  =  ? E ± 3 l =  i ± H i t (4-39)
Pd +  E d  m d
= 4 5 ^ )  -  <  (4-40)
where and m N are th e  deuteron and nudeon mass. Ep,p p, Ed and pd are the  energy
and momentum of the detected proton and beam deuteron, respectively, while q is the
the proton momentum in the deuteron c.m. frame and E q is the corresponding energy
given by
E 2 =  q2 + m \. (4-41)
kIMF, sometime called the light cone variable (LCV) internal momentum, has been 
proposed as the proper relativistic scaling variable. Its definition depends on the Lorentz 
invariant a. In the IM F, a  is the fraction of the projectile deuteron momentum carried 
by the proton, and has a  value between 0 and 1.
W ith the wave function $  1MF, Dorodnykh and Lykasov calculated both k0 and T w  
They induded four additional diagrams besides the impulse approximation. The five 
diagrams they used are shown in Figure 4-12. In graph (a) is the IA process with the 
proton from the deuteron nudeus as a  spectator. Graph (b) is the proton non-spectator 
process where the  proton from either the deuteron or the target was scattered before
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Figure 4-12: The diagrams for the infinite momentum frame (IMF) calculation.
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being detected. The other three diagrams are for the higher order “two-step” processes. 
A pion is created and re-absorbed between the two vertices in graph (c). Only the 
contributions from the pseudoscalar mesons are included in the interm ediate sta te  for 
this graph. G raph (d) represent the creation and re-scattering of a  pion during the 
deuteron breakup reaction, while graph (e) is for the re-scattering of a nucleon a t the 
upper vertex.
The results of the IM F calculation for k0, Tm  and the invariant cross section are 
given in Figure 4-13, 4-14 and 4-15, respectively. The solid lines are the non-relativistic 
IA predictions from the Paris wave function. The dashed lines are the IA predictions 
using the IM F approach. There is a  one-to-one relationship between the momentum 
q and the variable kIMF, given by Equation 4-39 and 4-40. As a  result, the new IA 
prediction is ju st a  re-scaling of the old prediction by compressing the curve to the left.
The dotted lines are for the complete calculation th a t included all five time-ordered 
graphs. These curves, calculated in Reference [DL92], are for a deuteron beam momen­
tum  of 9 GeV/c, not 3.5 GeV/c as for the d ata  shown. The amplitudes of the multiple 
scattering processes besides the IA are in general energy dependent, and so is the result 
of the  complete calculation. Unfortunately, the IMF prediction for the deuteron beam 
momentum of 3.5 G eV /c is not yet available. We included the results from the 9 G eV /c 
calculation ju st to  have an idea of how well the IMF approach does. As shown in Fig­
ure 4-13, the dotted line provided the best fit to  the k0 data  so far. In Figure 4-14, the 
complete calculation fit the T20 nicely up to q = 0.25 GeV/c. It predicts the minimum 
of the  da ta  at —0.9 very well. This agreement is a  bit surprising since the  calculation 
was not done at the beam energy of the experiment.
4.4 Conclusion
In this thesis, results of the measurement of the polarization transfer coefficient, k0, 
from the deuteron to  the proton in the deuteron breakup reaction at 0°are presented.
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Figure 4-13: Calculation for k0 in the infinite momentum frame, using the Paris wave 
function and the light cone variables. The dashed line and the dotted line are for the IA 
and the complete calculation in IM F, respectively. The solid line is the  non-relativistic 
IA prediction using the  Paris wave function.
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Figure 4-14: Calculation for T20 in the infinite momentum frame, using the Paris wave 
function and the light cone variables. The dashed line and the dotted line are for the IA 
and the  complete calculation in IM F, respectively. The solid line is the non-relativistic 
IA prediction using the  Paris wave function.
107
CO
co 
I 
O
CD
O  
t>
<D
o
t io
•rH
- P
0  
CD 
(71
1
10
2
10
1
10
o
10
- l
10
-2
10
-3
10
- 4
10
0.0 0.1 0.2 0.3 0.4 0.5
q (G eV / c)
Figure 4-15: Calculation for the  invariant cross section in the  infinite momentum frame, 
using the Paris wave function and the light cone variables. The dashed line is for the IA 
calculation in IM F. The solid line is the non-relativistic IA prediction using the Paris 
wave function.
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The experiment consisted of a  2.1 GeV vector polarized deuteron beam breaking up on 
a 4 cm liquid hydrogen target. Then the momentum and polarization of the outgoing 
protons were measured a t 0°. Eight k0 da ta  points at various proton momenta were 
measured. The k 0 d a ta  are discussed together with another polarization observable, the 
analyzing power T w , measured in previous experiments [PP90].
The results indicate th a t the impulse approximation with the proton spectator pro­
cess can describe both  polarization observables when the proton momentum in the 
deuteron c.m. frame, q, is less than  100 M eV/c. The non-relativistic multiple scat­
tering calculation done by Perdrisat and Punjabi [PP90] cannot describe both sets of 
d a ta  beyond q =  200 M eV/c. The impulse approximation with the relativistic deuteron 
wave function (Gross wave function), calculated by Gross et. al. using field theory and 
one-boson-exchange forces [BG79, GOH92], cannot fully explain the da ta  either. The 
multiple scattering calculation done by Dorodnykh and Lykasov [DL92] using the in­
finite momentum fram e approach provides the best fits to  both k„ and T20 d a ta  so 
far.
From the study of different model dependent calculations, we conclude th a t the 
proton spectator approximation together with an non-relativistic deuteron wave function 
(Paris wave function in this thesis) can describe the general trends of the data  of bo th  k0 
and T20 in the region where q is between 0 and 400 MeV/c. Meanwhile, the relativistic 
effects, from both  the  deuteron wave function itself and the interaction processes, as well 
as the higher-order multiple scattering processes must be included in the calculations 
in order to  have a  better understanding of the deuteron breakup reaction, especially in 
the region where q is greater than  150 MeV/c.
APPENDIX A
The Madison Convention
The T hird International Symposium on Polarization Phenom ena in Nuclear Reaction 
was held a t the University of Wisconsin, Madison between August 31 and September 4, 
1970. For several months before the symposium, a  number of participants discussed the 
need for conventions concerning notations and coordinate systems for describing po­
larization phenomena, especially for spin-one particles. During the symposium, about 
twenty-five physicists m et and worked on this subject. The recommendations of this 
working group were presented to  the whole conference and were accepted without dis­
sent. P. Huber proposed th a t these recommendations be called “The Madison Conven­
tion,” and this proposal was adopted unanimously. The followings are the substance of 
the Madison Convention [BH71].
I
Polarization effects involving spin-one particles should be described either by spher­
ical tensor operators r* ,, with normalization given by Tr{r/fe,r^/?,} =  3Skk'^qq' or by 
Cartesian operator 5,-, (3 /2 ) ( S { S j  +  S j S i )  -  26 #  (t =  x ,  y ,  z ) .  S i  denotes the usual 
spin-one angular momentum operators.
II
The sta te  of spin orientation of an assembly of particles, referred to  as polarization, 
should be denoted by the symbols t*, (spherical) or P i , P i j  (Cartesian). These quantities 
should be referred to  a  right-handed coordinate system in which the positive z-axis 
is along the direction of momentum of the particles, and the positive y-axis is along
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kin X kout for the  nuclear reaction which the polarized particles initiate, or from which 
they emerge.
III
Terms used to  describe the effect of initial polarization of a  beam or target on the 
differential cross section for a  nuclear reaction should include the modifiers analyzing 
or efficiency, and should be denoted by T*? (spherical) or A,-,A,j (Cartesian). These 
quantities should be referred to  a  right-handed coordinate system in which the  positive 
z-axis is along the beam  direction of the incident particles and the y-axis is along 
kin x  kout for the  reaction in question.
IV
In the expression for a nuclear reaction A (b,c)D  an arrow placed over a  symbol 
denotes a  particle which is initially in a  polarized state  or whose state of polarization is 
measured.
□ □ □ □ □ □
Beside the Madison Convention, some other slightly different notations are also being 
used. For instance, in this thesis, capital P,- and Pii are used to  denote the polarization 
in Cartesian coordinate while Pi are reserved for momenta.
Based on the  above guide lines, the reactions involving polarization can be divided
into the  following classes:
(i) A(b, c)D polarization experiment
(ii) A(b, c)D  analyzing power experiment
(iii) A(b, c)D polarization transfer
(iv) A(b, c)D  spin correlation (initial channel)
(v) A (b,cD ) spin correlation (final channel).
I l l
In discussing polarization effects involving spin-one particles, either spherical tensors 
or Cartesian tensors should be used. The set of Cartesian tensor operators are given 
below in terms of the spin-one angular momentum operators and unit matrix.
/ \ / \ /  \ / \
1 0 0 0 1 0
o•*»1o l 0 0
/  = 0 1 0
~
r
>ii
to
1 0 1
IIto
i  0 —i ;.?* = 0 0 0
0 1 0 / f 0 >
0 - 1 ,
Cartesian Operators 
Vo = 1 
V x  =  S x  
V y  =  S y
v z =  s z
V x y  — f  ( S x S y  +  S y S x )
v xz =  u s xs z +  S Z S X )
(A- l )
V y Z =  f  ( S y S z  +  S z S y )  
\ { V x x  ~  V y y )  =  | { S x S x  ~  S y S y )  ~  2 1  
V z z  =  Z S z S z  -  2 1
The relationships between the spherical and Cartesian tensor operators are given by
Spherical Operators 
too = I  
no = \ f \ v z
m  =  - ^ ( ^ x  +  i V y )
Cartesian Operators 
Vo =  J
V x — —-^ R e rn
r2i =  ~ ^ ( V x z  +  i V y z )
t 22 =  - ^ ( V x x  -  V y y  +  2 i V x y )  
r fc_ , =  ( - l ) ? r ?
(A-2)
' W  
-Py = - j g b v n
v z = \/§no
V x y  =  \/3Imr22 
V x z  =  — \/3 R eT 2 i 
V y z  =  - \/3 Im r 2 i  
\ { V x x  ~  V y y )  =  V 3R er22 
V z z  =  V 2r20
In the 6eam polarization coordinate system ( X, y , Z) ,  where the polarization axis of 
the beam, i ,  is chosen to  be the Z -a x is  and the X -  and y —axes are arbitrary, the 
polarization can be completely determined by two quantities. They are the P z  and
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P z z • In the spherical tensor representation the corresponding quantities are p\o and 
P w  They are related as:
Spherical Polarization Cartesian Polarization
Pw =  V I *  P z  =  \J \p w  (A' 3)
P20 =  -fyPzz P zz = V2P20
The Madison Convention chooses the coordinate systems th a t depend on the particle 
trajectories and the scattering angles. For particles scattered into different directions, 
the coordinate systems used to  describe the reaction will be different. According to  this 
convention, the positive z-axis is along the direction of the incoming particle momen­
tum , kin . The positive y-axis is along fc,n x kout, where kout is the outgoing particle 
momentum, it should be explicitly stated  whether it is in c.m. or lab. system. The 
x-axis is determined by y x  z. This coordinate system, denoted by (x ,y ,z) in Figure A- 
1, is used when describing the polarization of the incoming particles, and is called the 
projectile helicity coordinate system.
Another coordinate system (x ',y ',z ')  is used to describe the polarization of the out­
going particle. The z'-axis of this outgoing reactant helicity coordinate system  is along 
kout, and the y'-axis is in the same direction as y-axis. The x'-axis is chosen to  form a 
right handed coordinate system.
Meanwhile, if a  polarized beam is used in the experiment and the polarization sym­
m etry axis of the incoming particles, J, is fixed in the laboratory frame, we can define 
a  laboratory coordinate system  with z^ -ax is  along fc,„, and J lies on the yiab~ziab plane. 
This laboratory coordinate system is shown in Figure A -l as (x/0(,,yia&,2/a6)- Unlike 
the projectile helicity frame, the lab. frame is fixed for all particles regardless of their 
scattering angles.
The angle between the polarization axis J and the Z|as-axis is labeled as 0  in Figure A- 
1. The azim uthal angle, (f>, is defined by the Madison Convention to  be the angle
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Figure A -l: Relationship between the projectile helicity frame (x ,y ,z), the outgoing 
reactant helicity frame (x ',y ',z ') and the lab. frame (®|a&52/ia6)Z/a&)-
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direction of the azimuthal angle <t>
scattered particle 
in lab. frame
in Madison 
Convention
in spherical 
coordinates
left 0° 0°
up 270° 90°
right 180° 180°
down 90° 270°
Table A -l: Comparison of <j> between the Madison Convention and the usual spherical 
coordinates.
measured from the y-axis to  the y/aj,-axis. This definition of <p is different from the 
usual spherical coordinate system. The comparison of the values of 0  between the two 
systems when the particle is scattered to  the left, up, right and down, respectively, in 
the lab. frame is given in Table A -l.
In the beam polarization coordinate system, ( X, y , Z) ,  the beam polarization is 
described by p\o and p2o- In the projectile helicity frame, (x ,y ,z ), the polarization 
becomes [Dar70, Hae74]
Vector Polarization
<10 =  p 10 cos 13
h i  = - i ^ p i o s i n j d e ^
In Cartesian coordinates, one has [Ohl72]
Tensor Polarization 
<20 =  |p 2 o ( 3 c o s 2 /? -  1 )
<21 =  - i \ J \ p 2 0  sin (3 cos f3el<t> 
<22 =  —yJ \p 2Q sin2 /?e2t^
(A-4)
Vector Polarization 
Px =  —P z  sin /3 sin 0 
Py = P z  sin /? cos 4> 
Pz = P z  cos /3
Tensor Polarization 
Pxy =  - |P 2 2 s in 2/?sin2</>
PXz =  -  f  P z z  sin (3 cos (3 sin <t>
Pyz = | P z z  sin (3 cos (3 cos <f>
\{P xx -  Pyy) = - \ P z z  sin2/?COS20 
Pzz = 1^22(3 cos2/3 — 1)
(A-5)
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The most general form for the cross section of a  reaction induced by polarized spin-1 
particles is
J (M )  = W ) [ 1  +  \ p * A x {0 )  +  \ P v A v {0 )  +  \ p M 6 )
+ \p * v A xy (9) +  |  PXZA XZ(9) +  |  PvzAyz(0)
+  ~  P y y ) ( A x x ( 0 )  -  A Vy ( 9 ) )  +  \ p z z A z z ( 6 ) ] ,
(A-6)
where I 0 is the cross section for an unpolarized beam, and A’s are the analyzing powers 
of the  reaction. The ^-dependence of the cross section is contained in P, and Pii as 
described in Equation A-5. In terms of spherical tensors, the cross section is given by
7(0, <j>) =  Io(0)[ 1 +  ^ioTio(^) +  2R etnR eT ii(0) +  21m tnlm 7ii(0)) 
+^2o72o(^) 4" 2Ret2iReT2i(0) +  2Imt2iIm T2i(0)) 
+2R et22ReT22(^) +  2Imt22ImT22(#)).
(A-7)
The T qk axe the analyzing powers in the spherical tensors representation. The rela­
tionships between the Ts*’s and A’s are similar to  those between their corresponding 
operators in Equation A-2.
Spherical Analyzing Power
Tio = \J\AZ
— ~ ^ { A X + iAy)
T 2 0  =  ^ A zz
Cartesian Analyzing Power 
A x =  — ^ -R eT n  
A„ =  - ^ I m T n
a . =
Axy =  \/3Im T22T n  =  +  iA yz)
T7.2 — j ^ ( A xx — Ayy 2 iA xy) Axz =  —v/3ReT2i
A yz = — \/3Im T2i 
Tk =  ( - l) « T fc% |( A xr -  Ayy) =  v/3ReT22
a zz =  V 2 rao
(A-8)
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For a  nuclear reaction, conservation of parity requires some of those analyzing powers 
to vanish and the expression becomes
j(M ) = W) [ i + I pvMQ) + Ip**axz(8)
-  Pyy)(Axx(6) -  A vvm  + \ p „ A „ m  (A-9)
The underlined coefficients are odd in the scattering angle 9. It means th a t those terms 
are zero when 0 =  0. Under the same parity conservation requirement, the polarization 
of the outgoing protons from the (d ,p) reaction is given by
PX.I(0,<I>) =  I 0{9)[\PXK ^ 9 )  +  +  \ p xyK.jv{9) +  \P y ZK j{6 )]
p yj(9,<!>) =  w n  + l p yic i'\e ) + l p xl'icv'2(6)
+ i(^ x x  -  P yy )(K j(9 ) -  +  \ p zzK , j m  (A-10)
Pz>I{0A) =  I q(9 )[Ip xIC*\6) + \ p ^ { e )  +  2- P XyK,iy{9) +  \ p yzK ^ m ,
where JC's are the polarization transfer coefficients, and V yi is the polarization of the 
outgoing spin-1/2 particles for an unpolarized incident beam. The polarization of the 
protons is measured in the corresponding outgoing reactant helicity frame, (x \ y \ z ’). 
Again, the underlined coefficients are odd in 6.
For the deuteron breakup experiment (d ,p) discussed in this dissertation, the polar­
ization sym m etry axis of the incident deuterons was perpendicular to the beam momen­
tum  direction so th a t the angle /3, shown in Figure A -l, was equal to 90°. The emerging 
protons were measured at 8 = 0°. Introducing these conditions into Equation A-5, and 
substituting the results into Equation A-9 and A-10, the cross section and the proton 
polarization become
I  =  I 0[ 1 -  ^ P z z ( A 12 -  (A xx -  A yy) cos 2if>)}
P x'I  =  I o [ - t;Pz ICx sin <f>]
Py.1 =  I J q P z K *  cbb4\ (A -ll)
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P z ' I  =  I o { - \ P z z > C zJ y s m  2<p].
Since 6 is 0° for this experiment, 0  is not defined and we can use any value for it. The 
cross section of this particular breakup reaction should not dependent on how we define 
<f>. This implies A xx = A yy when 0 =  0°.
We pick <f> =  0 for obvious convenience. Together with 6 = 0 and /3 =  90°, the three 
coordinate systems, ( x ,y ,z ) , ( x \y \ z >) and (xiab,yiab^iab)j are all overlapping with each 
others. Then, Equation A - ll  becomes
I  = I 0[ \ - \ P z z A IZ\
P X' I  =  0
r3
Py, I  = I oq P z lC vy ] (A-12)
PZ>I =  0
In this thesis, we define the ratio between the proton polarization, Py>, and the 
deuteron vector polarization, P z , to be k, such that
Py, _  jU g  _  |  K j
P z  1 - \ P ZZA zz l - | T 20p20‘ 1 ]
When P z z  =  0, as in this experiment, we can define
K0 = k \pz z =0 = (A-14)
APPENDIX B
Dead-time correction for the deuteron beam polarimeter
After the deuteron ions are being produced in the polarized source, their polarization 
is measured in the deuteron beam polarimeter (DBP). The analyzing reaction used is 
2H (d ,p )3H  with the incoming deuteron energy equal to  386 keV. The beam enters
the polarimeter through a  collimator with an circular opening of 10mm in diameter.
The outgoing protons are detected at 0° and ±120° with silicon detectors as shown in 
Figure 2-7. The num ber of protons scattered into the two 120° detectors, located at left 
and right, are given by:
n L =  n0(l  +  e)
n R = rao(l -  e), (B-l)
where e is the asym m etry given by
c _ U L ~ n R
n L + n R
and n 0 is the number of particles per burst scattered towards the 120° detector for an 
unpolarized deuteron beam. The number of counts detected by the detectors are given 
by:
m L =  n L e x p ( -n i ^ )
m R = n Hexp(-7ifi^ ) ,  (B-2)
where r  is the dead-time of the detector after being hit by a  proton, and T  is the 
duration of the beam burst. For the deuteron beam polarimeter at Saturne, r  was 
measured to  be 2.78 ±  0.79 /zs and T  is about 1 ms.
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The measured asymmetry is defined as
,  =  m L ~ m H
m m L + m R
nL e x p ( -n J. y )  -  n Jte x p ( -n itf.) 
nL e x p ( -n t y )  +  n R e x p ( -n il^ )
[exp(-£n0 jr) -  exp(+ew0y)] +  t[ex p (-cn 0f )  +  exp(+en„fr)]
-  c[exp(-en0 Jr) -  exp(+cn0£)] +  [exp(-en0^ )  +  exp(+en0£)]
For the cases when cn0y  <C 1,
exp(-€n0^ )  *  1 -  tn 0 £  +  |f (£ n 0 £ ) 2 -  ^ ( e n 0 £ ) 3 (B-4)
exp(+en0^ )  «  1 +  en0 £  +  i ( e n 0 J ) 2 +  (B-5)
Keeping only the terms up to  the second order of e, Equation B-3 becomes
_  e( i ~ n ° f )
X m  ~  l - £ 2 ( n 0* ) ( l - i n 0 f )
€2[(n0fr)( l -  \ n 0^ ) x m] +  e[(l -  n0fr)] -  x m =  0 (B-6)
The ratios between x m and e for different values of n 0 are given in Figure B -l.
The deuteron beam polarimeter was calibrated by J. Arvieux, et al. and the  result
was published in 1988 [A+88]. The measured { iT \\P z )m was 0.1139 ±  0.0016. Since
*m =  V 3(iT n Pz )m, (B-7)
th a t means th a t x m was 0.1973 ±  0.0028. The counting rates for their calibration ex­
periment were of the order of 50 counts per beam burst in the 0° detector and 25 counts
per burst in the ±120° detectors. The dead time correction had not been taken into 
account in the 1988 published calibration result. We re-analyzed the experiment and 
corrected for the dead time. W ith
n0 «  25
xm =  0.1973 ±  0.0028 
£  =  2.78 X 10"3,
120
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Figure B -l: Ratio between the true asymmetry, e, and the measured asymmetry, x m. 
we have
e «  1.07a:m
=  0.2114 ±  0.0030 (B-8)
In Arvieux’s experiment, the deuteron beam vector polarization, P z ,  was measured 
by means of the pp quasi-free deuteron breakup reaction, p(d, 2p) a t T& =  1.45 GeV. 
A high energy proton polarimeter was setup to  measure the pp quasi-elastic scattering 
and to  determine the proton polarization, Pn . Pn  was measured to be 0.5775 ±  0.061. 
Assuming th a t the  momentum distribution of the bound proton inside the deuteron 
nucleus followed the Paris potential wave function, one has
PN = aPz . (B-9)
After taking into account the solid angle of the detectors, a  was calculated to  be 
0.98 ±  0.01. This gives P z = 0.5889 ±  0.0086.
n  =30
n  =10
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W ith
we have
A dbp =  0.2393 ±  0.0049, (B -ll)
compared with the  published value of 0.2234 ±0.0046, which does not include the dead­
time correction.
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